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ABSTRACT

This report describes work carried out over the second year of support
uader ONR Contract No. NO0O014-82-K-0339 vl;ich was for partial support of a
Ceater for Dielectric Studies at Penn State. It i:a very plessing to be able
to report that over this year we have built up & truly National Ceater for
Dislectric Studies with ten major companies in full membership, and sleven in
associate membership. The National Science Foundation recognized the Center
with s Centers Grant funding. Over the year, the Office of Naval Research
also initiated or continued funding of eight associated programs on closely
rolated dielectric topics.

"~ )This report focuses upon the parts of the Center program which have drawn
most extensively upon Navy funds. Ia the bdasic study of polarization
processes in high K dielectrics, masjor progress has deen made in understanding
the mechanisms in relazor ferroelectric in the perovskite structure families.

A new offort is also being mounted to obt.un nore precise evaluation of the
At M—

internal stress effects in fine |ninod‘l'l!}-\0-3-\ Related to reliasbility,

studies of the effects of induced macro—defects aze described, and preparation
for the evaluation of space charge by intermsl potential distridution
messurements discussed.
To develop new processing methods for very thia dielectric layers, a new
type of single barrier layer multilayer is discussed, and work on the thermal
evaporation of oriented corystalline antimony sulphur iodide describe. é————-——-\
In 1ine with earlier reports, a brief nasative description is given of
ongoing work, snd completed published studies are summarized ia the technical

. - —— — - . o ————————
appeandices. 1 Aceession For
‘ NTYS el i

-
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1.0 INIRODUCTION
This report describes work carried out over the second year of ONR
Coatract No. N00014~82~0339 which was a funding im partial support for the
formation of a Center for Dielectric Studies at The Pennsylvania State
University. It is very pleasing to be able to report that over the curreat
3 contract year, from March 1, 1983, to March 1, 1984, the build up of a truly
National Center for Dielectric Studies has beon accomplished. In March, 1983,
in response to a first solicitation, eight major companies came iato full
membership and three into associate membership. August of 1983, following on
from s most useful planning grant, the National Science Foundation (NSF)

announced the award of s National Centers Grant to Pemn State, recognizing the

initiation of s National Center for Dielectric Studies. By the end of the
calendar year, there were tem companies in full membership snd five in
associate membership category. The curreat status of the Center, as of Narch
. 1, 1984, is summarized in Appendix 16 which gives the names of all companies
in membership and their designated representatives to the Center.
In parallel, and coordinated with this effort, the Office of Naval
Research has nov funded eight associated programs on topics dealing primarily
with the reliability of multilayer capacitors (MLCs) and their dielectrics.
Work statements for the sssociated programs are given in Appendix 17.
Barly in the contract year (May 24th and 25th), a preliminary
organizational meeting was held with the Industry representatives at Pean
- State to plan in more detail the structurimg of the Center, and the
qualificatioas and conditions for Industrial membership. This planaing
g process was oconcluded at the Annual meeting of the Center held November 7-9,
1983. This Annual NMeeting was also coordinated with one full day of

presentations on the associated programs.

--------------------
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In the following report, those parts of the Center program which have

dzawn extensively upon ONR supporting funds are highlighted. Following the

ii established practice for ONR reporting, work in progress is covered in a
A compact narative style. Completed studies are attached as technical
X appendices.

Topics for study were initially classified broadly uader the titles Basic

Science. Evolutionary Studies, and Revolutionary Approsches.

F 2.1 Baszic Science

A problem which is necessarily of major comcern is that of the

polarization processes which coantribute to the high dielectric polarizsbility
in the ferroelectric type dielectrics which are of fundamental importance to
the compact high capacitance MLCs. As was indicated inm our first report, to
make use of and bduild upon the foundation of esrlier Navy spomsored programs,
a major topic of our ianterest has boonﬁtho ferroelectric relaxors,
tottooloct:ica.vith diffuse phase change at T° which have also beea of major

interest as electrostrictive displacement transducers, but which because of

their very high permittivity begin to find significant interest as capacitor

dielectrics.

R )

Here, lhowever, the emphasis of the work is in developing basic

PR

naderstanding, and we believe that by a combination of approaches the group —

has made an important step forvard in understanding these unusual relaxor

oot >

systoms.
It would appesr now that in the systems, lead scandium tantalate, lead -

magnesium niobate and its solid solutions with lead titanate, and ia the

A

higher lanthanum containing lead lanthamum zircomate titanates (PLZTs), we can

N el .
Y L

trace out the evolution of developing order from paraelectric, through —
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superparaslectric, critical superparaslectricity iato the fimal ferroelectric
ordered state. A discussion of these phenomens was given at the fall meeting
of the American Ceramic Society in Grossingers, NY. A more complets summary
of the evidence is givea ia the following.

A second very dasic ares of study has been coscerned with a refined
treatment of the effects of grain size upon the dielectric properties of pure
B.‘l‘103 ceramics. To permit anm update and extensioa of the original simple
Buessem, Goswami, Cross (BGS) internal stress model s refined thermodynamic
analysis is being carried through in cooperatios with the Ceramics Department
in Leeds University. To permit description of the very wide temperature ramge
now coversd by the more recent Japanese experimentsl datcu) the Gidds Freo
Enerxgy function has been expanded to include all symmetry permitted sixth

‘ pover terms ia electric polarization.

To check the validity of the proposed function, it has been used to
predict the electric field dependence of the ferroelectric:ferroelectric phase
transitions, and gives excellent agreement with the experimental data by
?ou’nko(z’.

To identify the average stress levels which ocour due to the absence of
90°* twins in the fine gain size ceramics, new x~ray measurements covering the
tempoerature range dowa to 4°K are being carried out in Oxford, and the

modified spontaneous strains compared to the strains in free powders. The

measured straia will be converted to stress using the known elastic constants, 3
' and the modified permittivity calculated ia tetragomal, orthorhombic and :-'.f',;.;_,?
rhombohedral phases usiang the improved thermodynamic fumctioa. . -4
2.2 Evelutiopazy Avprosches
Ia the evolutionary approaches, two studies are involved. As a first

attempt to provide experimental data for model studies, plastic inserts ia the I__....1
o

3 ) .
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green tape have been used to induce voids and delaminations of controlled
shape and their influence on the dielectric properties studied. For the
second, we are setting up to measure the poteantial distributiom in ‘thin’
dielectric sheets by using probing electrodes tape cast into the multilayer
streoture. The former work has been completed and details are given in the

M.8, dissertation of David Hardy, the abstract for which is included as s

technicsl appendix. the latter study is now at the stage where the measuring

L equipment has been completed and first samples are now being studied.
2.3 Revclutiopary Studies
Et': For the revolutionary approaches, two topics are again of special
=
E interest. Ia the first, we have been exploring techaniques for evaporating

5 thia films of the ferroelectric antimony sulphur iodide (SbSI). The very low
. melting temperature of SHSI suggests that crystalline films may be deposited
upon quite low temperature substrates. Initial studies have shown excellent
promise, but are plagued with problems of reproducibility. The second study
concerns an imaginative approach to developing a multilayer barrier layer
capscitor. Rather than trying, with many other groups, to make 8 grain:grain
boundary structure of a size which can de A.coo--odatod in the very thia

dielectric layer of the MLC we have gone to a modificatioa of the Corning ACE

proocess to inject a fritted silver electrode into a reduced n.no, body so as

to form surface barrier layers om each of the thin reduced hT103 layers.
Effective internal surface barrier layers have been demonstrated, and

very high volumetsric efficiencies appear possidble if the imjection techmology

for the electrode can be improved.




Over the current oontract period, the following papers have been
published or accepted for publication.

1. 8.L. Swartz, T.R. Shrout, VW.A., Schulze, L.E. Cross. ’'Dielectrio
Properties of Lead Magaesium Niobate Ceramics.’ J. Amer. Corsm. Soc.
67:311 (1984).

2, D.J. Voss, 8.L. Swartz, T.R. Shrout. 'The Effects of Various B-Site
Modifiers on the Dielectrics and Electrostrictive Properties of Lead

Magnesium Niobate Ceramics.’ Ferroelectrics 50:203 (1983).

3. T.R. Shrouwt, S.L. Swartz, MN.J. Haun. 'Dielectric Properties in the
: Pb(Fej,3Nb1/2)03:PbNi1/3Nb2/303 Solid Solution System.’ Bull. Amer.
ﬁ Coram. Soc. (June, 1984), in press.

. 4. Yao Xi, Chen Zhili, L.E. Cross. ‘Polarization and Depolarization

. Behavior of Hot Pressed Lead Lanthanum Zirconste Titsnate Ceramics.’ J.

Appl. Phys. 54:3399 (1983).

Chen Zhili, Yao Xi, L.E. Cross. ‘Depolarization Bebavior and Reversible
Pyroelectricity in Leasd Scandium Tantalate Ceramics Under DC Biass.'
Ferroelecotrics 49:213 (1983).

Chea Zhili, Yao Xi, L.B. Cross. ’'Reversible Pyroelectric Effects in
"’("1/27‘1/2)03 Ceramics Under DC Bias.’ Ferroelectric Letters 44:271
(1983) .

Yao Xi, Chea Zhili, L.E. Cross. 'Polarizstion and Depolarization
Behavior ia Hot Pressed Lead Lanthenum Zirconate Titanate Ceramics.’
Perzoeleotrics 54:163 (1984),

AJ. Bell, A.J. Moulson, L.E. Cross. ‘'The Effect of Grain Size on the

Permittivity of BaTiOg.’ Ferroelectrics N




9. A.J. Bell, L.E. Cross. 'A Phenomenological Gibbs Function for 33'1'103
Giviang Correct E Field Dependonce of all Ferroelectric Phase Changes.’
Ferroelectrics (in press).

10. P.X. Ghosh, A.S8. Bhalla, L.E. Cross. 'Prepazation and Electrical
Properties of Thin Films.’' Ferroelectrics 51:29 (1983).

11. Zhang, Liasngying, Yao Xi, H.A. McKiastry, L.E. Cross. ‘Quasi Static
Capscitance and Ultra Slow Relaxation of Linear and Nonlinear
Dielectrics.’ Ferroslectrics 49:75 (1983).

12. A.S. Bhallas, C,8. Fang, L.E. Cross, Yao Xi. ’'Pyroelectric Properties of
Modified Triglycine Sulphate Crystals.’ Ferroelectrics 51:9 (1983).

13. C.8. Fang, Yao Xi, A.8. Bhalla, L.E. Czross. °'The Growth and Propertises
of s New Alanine and Phosphate Substituted Triglycine Sulphate (ATGSP)
Crystals.’ Ferroslectrics 51:9-13 (1983).

14. D.C. Hardy. MN.S. Thesis ia Ceramics, 'The MNodeling and Effects of
Macrodefects in Monolithic Capscitors,’ The Pennsylvania State University
(Dec. 1983).

The following papers were presented at National and Internationsl

Meotings.

1. R.E. Newnham. Keynote Address: ‘Structure-Property Relations in
Multilayer Coramics.’

2. MJ. Haun, S.L. Swarts, T.R. Shrout. 'Dielectric Properties in the
Pblollsﬂbz/g%-l’bﬂi1,zm1,203 So0lid Solution System.'

3. 8.L. Swartz, D.J. Voss, T.R. Shrout. 'The Effects of Various Additives

on the Dielectric Properties of Lead Magnesium Niobate Ceramics.’

.........

..............
...................................................




4.

6.

7.

9.

10.

11,

12.
13.

..............................

D.C. Nardy, G.L. Messing, VW.A. Schulze. ’'Defect Modeling in n.uos
Nomoliths.'’
C.S. Fang. Z.X. Chen, L.E. Cross, A. Bhalla. ’‘Growth and Properties of

Lithium~Doped TGS Crystal.’

D.J. Voss, S.L. Swartz, T.R. Shrout. 'The Effects of Various B-Site
Modifications on the Dielectric and Electrostrictive Properties of Lead
Magnesium Niobate Ceramics.’

P. Ghosh, A.S. Bhalla, L.E., Cross. 'Preparation and Electriocal
Properties of Thin Filas of Antimony Sulphur Jodide (SHSI).'

C.F. Clark, W.N. Lawless, S.L. Swartz. ’'Quantum~Ferroelectric Pressure
Sensor.’

C. Zhili, Y. Xi, L.E. Cross. 'Pyroelectric Property of Pb(Scy,,Ta;,2)03
Ceramics Under DC Biss.'’

A.S. Bhalla, R.E. Newnham. 'Low Temperature Pyroelectric Properties.’
C.S. Fang, Y. Xi, Z.X. Chen, A.S. Bhalls, L.E. Cross. 'The Growth and
Properties of a New Alsnine and Phosphate Substituted Triglycine Sulphate
(ATGSP) Crystal.’

L.E. Cross. ‘'Relaxor Ferroelectrics.’
J.V. Biggers. ’'Cemnter for Dielectric Studies at The Pennsylvanis State

Uaiversity.
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3.0 BASIC STUDIES
3.1 Rslaxox Ferxocelesctrics -

3.1.1 ]Introduction .....

Over the last 40 years, an excoellent detailed picture has emerged as to i~
the manser in which cooperative ferromagnetic order builds up as the size of
‘clusters’ of iateractimg magnetic spins imorease. For simple atomic species ___
1ike iron (Fe), the picture is both qualitatively detailed amd quantitatively
precise. Proceeding from the isolated weakly interacting spins of the
classical paramagnet, the qualitative picture of ordering as the cluster size ,___
inoreases is depicted schematically in Figure 3.1.

In the dilute system, the magnetic field must compete with the
rasndomizing action of thermal motion and the level of imposed magnetic order —
is very weak as ovidenced by the very low susceptibility of the weak
paramagnets. If, however, magnetic ions (atoms) cluster as in very finme (50A)
iron particles, (A) or for example by fluctuations in site occupancy in a

cobalt zinc ferrite (B), at a oritical size the spins ferromagnetically couple

to form & large magnetic moment. Since, however, the magnetic anisotropy
energy is lower than the emergy of ordering, the spin cluster (and its larger
moment) are unstable against thermal fluctuations. |
The ordered spin cluster then behaves like a 'super dipole’ since the
BE.M term is sow much larger than H.m for an isolated spin, applied H fields
can induce larger magnetic moments, higher susceptibilities, hence the term g
superparamagnet. :
It may be moted that in contrast to more ordered states, when the field
is removed, thermal motion will completely randomize the cluster momeants and
70 remanence will occur. If, bhowever, the density of spim clusters is
increased, again above a critical value cooperative interaction may ocour, so

that the clusters themselves now order giving critical super paramaganetism, -—

..................




FERROMAGNETIC ORDERING

v Steps in the build up of magnetic order in different systems well characterized

Individual spin moment m
. Thetmc‘/rhumol '

"@ I" @7» Dilute Paramagnet
A. Spin clusters can
be in very fine
I,h"m' Thermol ferromagnetic
0 £ particles eg. Fe
00 00 I @ Super Paramoagnetic ==p or
00 \ B. Due to fluctuations
Lorge moment M of . .
Spin clusters ordered cluster in site occupancy

as in Cobalt Zinc

@ @ @MT Critical SPM | rerite
° l @ @ V:ry weak

remanence

"Abrupt”
Domain walls

¢ |

Large ordered domains

Ferromagnet

Figure 3.1. Schematic illustration of the build up of magnetic ordering
with spin cluster size.
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where a veak but measurable remanence will occur. Finally, one may expect
that in a vniform system, where the spins are positioned on a lattice of
suitable dimension for exchange coupling, the phenomens of normal
fexromagnetism will ocour where the ordered state is characterized by
homogeneously magnetized domains separated by relatively narrow wall regioans
where the spins reorient continuously and over a short distance from ome to
the other directionm of magnetization,

In a ferroelectricity the qualitative and quantitative picture of how the
cooperative order builds up with size is nowhere near so complste.

It is clear that in many ferroelectric systems, long range dipole:dipole
fields play a most important role in de—stabilizing the paraelectric form, but
the oxact balance of ordering forces is still unclear even in simple proper
ferroelectrics. Unfortunately, the dipole:dipole field is much weaker and of
longer range than exchange interaction, so that the role of free poles and
consequent depolarization fields is correspondingly more important. Ve have
no coavincing evidence of ferroelectricity in amorphous or glassy systems and
at least in the oxygea octahedroa proper ferroelectrics a rather clear
indication that one mode of deformation of the crystal lattice (the soft mode)
carries most of the action for ferroelectric ordering.

Clearly, the problems of achieving proper size and scale are much more
acocute in the ferroelectric compounds thazm in some of the simple elemeontal
magnetics. Question of how the chemistry and the surface structure change or
reconstruct suggest that simple comminution to small nanometer size particles
will be fraught with difficulties. In seeking to establish in analogue
fashion the build up of ferroelectric order, it would then appear that a
crystalline alterznative (like type B in Figure 3.1) would be the most

profitable to explore.

10
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3.1.2 Relaxors with Perovskite Strxucture
It has been known since early vork by Smolensky in 1958(3), that lead

based perovskite type dielectrics with mized cations of very different
’ ferzroelectric activity on the B sites of the ABO3 structure, show pecsliar
diffuse phase tramsitions. Perbaps the first well authenticated example was

Pblgy /3Nby /303 (PNN) where extonsive work in the Soviet Union has documented

(a) That the temperature of the dielectric peaks near 0°C is a strong
function of measuring frequency, moving to higher temperature with higher
frequency. The lower temperature decay from the peak is also associated with
a mazimum ia s’ (tan 8) suggesting relaxation character, in spite of the fact
that ¢’ mazimum is more than 20,000 and thus in the range expected for a

(4)

ferzroelectric transition'™’.

(b) Below the dielectric maximum, there is no evidence of macroscopic

snisotropy and single crystals of PMN still appear cubic to both optical and
z-1ay tost (%),

If, however, the crystal is cooled in a strong E field, macroscopic
anisotropy is evident and the crystal may be left remanently in s state of

rhombohedral symmetzy much like B-no, below -90‘0(‘). Moreover, abrupt

reversal of the field produces switching by a domain wall motion as in :‘lf ',lf-'i

conventional ferroelectrics. However, re-heating the poled state produced a
n

10ss of sll remanence at temperature well below T° the dielectric maximum'’’, KRR
(¢) Detailed annealing studies show no evidence of long raange order in S

the cation (Mg:Nb) arrangement upon the B sites, and one must presume that -::-f:':"j
statistiocal fluctuations in site occupancy destroy perfect periodicity in ':?.::(»'f_:,"
(8 o

these crystals . R
It was recognized quite early that in these diffuse transition materials A
composition fluctuations could lead to a distribution of local Curie :
2

temperatures and to the co-existence of polarized and upolniiod regions over

11
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a range of temperature around 'l". hovcn;-. until recent work by Nava Setter in

this Laboratory, the crucial role of the fluctuations im cation occupancy was
aot provea,

To verify superparaclectric behavior, two features must be proves,

(1) That there are polar micro-regions co—existing with a noapolar
matrix.

(i1) That the local electric dipole moments of these ordered regions are

aot fixed ia space but are modulated by the thermal field.

3.1.3 Evideace fox Supespaxsslectzieity in Relaxor Ferzoelestrics

3.1.3.1 Muzhz/zﬂs-lmn—m- To prove the important
role of fluctuatioas ia cationm occupamcy oa the B site of the lead based
perovskite relazors it is worth reiterating the experimental data of N. Setter
upon the material Pb(SollzTauz)os (PST). From a careful tabulation of
crystal chemical data for many perovskites with mixed B site cations, Nava was
able to predict that PST would be right at the bound between structures in
which the B site ioms are ordered on s superlattice and structures in which B’
and B’’ are statistically disordesed(9 . »

The important results from Nava's work in MRL(10-12) o4 PST gre
ssmmarized in Figure 3.2, She was able to show by x-ray studies that in PST
quenched rapidly froms high temperature Sc and Ta ions are disordered as in
3.2(b) while by long annealing at temperatures of order 1000°C the Sc:Ta
saperlattice struoture of 3.2(a) could be dbuilt up to better than 80% order.
Here at last was s vehicle upon which to prove conclusively whether short
range (100 to 1,000 A) fluctuations control the properties, and the answer is
vsnequivocal. Dielectric properties of the ordered structure are those of a
conventional ferroelectric with sharp first order phase change and an abrupt

loss of l" sad optical anisotropy at r,.‘ The disordered crystal at ideamtical

12
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» Thermol Annealed State Quenched State
1
k3
2.
Cubl'e perovskite structure of ord’ud (a) ond
disofdered (b), A(B!;8570,. Here B'sSc, B"=Ta
ond Nb. The darkér lines show the unit cell in
/coch case.
Dielectric Properties Optical Properties
Superparaelectric ___ “Normal”
Cubic 10 2 rays ”” Ferroelectric
Normal No macro order ' pRaCS
Ferroeleciric Optically cubic el

Figure 3.2 Evidence from work on lead scandium tantalate.
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composition, hovever, shows classical relaxorxr behavior with a dielectric
maximum whose tempersture depends markedly on frequeacy, whioch has the
associated lower temperature loss maxima and the expected loss of remanence at
a temperature well below T, as evidenced in the optiosl anisotropy. As iz
PNN, PST in the disordered catiom state shows no optical or xz-ray aanisotropy
. if cooled without field, but a clear rhombohedral structure if cooled uader
bias. The ordered material, however, develops a macrodomain structure
immedistely below T, with the expected thombohedral anisotropy. The fiadings
are summarized in Table 3.1 and the evidence is very clear that if the
statistical fluctuations ia 8c:Ta distribution of the disordered state are
removed by asnnealiag to form thke perfectly periodic lattice of Figure 3.1(a)
the relaxation (diffuse tramsition) behavior is lost.
Ia all very high permittivity paraelectric dislectrics, there will be
fluctuations in the local dipole moment due to thermal motions which will
- become qpitf large as the system approaches its Curie tempersturs. For the
ozdered PST structure, simce the lattice is perfectly periodic and all
superlattice cells are idemticsl im make up, these fluctuatioas must be random
in both space and time, and up to the sharp Curie temperature T, the time
average of P at any location in the orystal must go to szero. Similarly, below
. Te the structure will develop s spontaneous polarization, and the time average
of P at all locations will be non-zezo.

For cation disordered PST however, oae uanit cell is not identical to its
neighbor either in composition or dimensions, and spacial homogeneity is lost
over regions of order 100 to 1000 1.1: size. Due to differenmces in
composition, these local regions will have different Curie temperatures and
even at temperatures well above this Curie region, the spacial homogeneity of

the fluotuations will de lost.
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In PbSc,,,Ta,,, Oy

For the Annealed Cation Order tate — no cation
composition fluctuations
Normal Ferroelectric Properties

...........

For the Quenched Cation Disordered State — must have

statistical fluctuations in Sc:Ta distribution on B
Superparaelectric Properties

In Perovskite
Demonstrate Critical Superparamagnetism

CONCLUSION

(1) Sharp I3t order change at T¢

(2) Stable remanent polarization

(3) No frequency dependence at radio
frequencies in ferroelectric state

(4) Stable birefringence

(5) Rhombohed

(1) Diffuse phase change

(2) No stable remanence

(3) Strong frequency dependence

(4) No stable birefringence

(5) Cubic macro symmetry to both
X rays and optical frequencies
PLZT 8:65:35

Table 3.1.
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In these catioa disordered eompositionms, s eritiecal gquestioa comcerniag
the anmalogue with ssperparamagaetisa is the follewing: 1Is s loeal region of
high T,, once the polarizatioa cesses to fluotuate periodically through zero,

v does the vector stabilize iz orieatatioa to form s miorodomain, or does the
orientation of the vector coatiasally chamge im respomse to thermsl
. fluctuations as in the superparamagaet.

Moze zecently, to explore this important questioa an extensive series of
measurements have been made of the polarization and depolarization behavior of
PST.

It is clear from Figure 3.1 that after cooling under DC bias, both cation
ordered and disordered PST samples build up a substantial remazent
polarization, however, om heating the temperature dependence of PR is quite
different. The ordered samples retaim high remanence up to T, while
disordexed samples lose all remanence at a temperature well below T; as judged

. from the dielectric maxzimum. Measurements by the Byor-loundy(ls’ technique of
the pyroelasctric response confirm these differences (Appendix 1) amd suggest
that the polsr micro-regions formed below T; have a range of temperature over
which their P' is oot stable in orientation, i.e. the crystal can be poled to
a substantial pyro—-coefficient, but after removing the poling field most of
the pyroelectricity is lost.

Is maay macroscopic ferroelectrics, it may be observed that Pp is 20t
stable at temperatures close to T; as the poled sample breaks up into domains
of different orientation. The data presented clearly show that P' in the

polar micro-region is mot stable over time, however, it does not distinguish

whether the mechanism by which remanence is brokea up is superparaselectric or
is one of domaia instability close to the local Tc'

A further test which tends to confirm superparaelectricity is the fﬁ -]

messurement of the reversible duild up and decay of polarization under DC bias i
16 R
B




with very weak thermal cycling (Appendiz 2). 'The technique used here was the
Chylo'oth(l‘) method of measurement in which a tiny flake of the sample is
cycled over a minute temperature range at 5.5 Hz using s chopped infrarzed
heating. Ferroeleotric domain motion is hysteritic, and for very small
thormsl]l amplitndes it should not coatribute to the reversible pyroelectric
response. Superparaslectric thormal disordering is however reversible, and at
the low cycling frequency used ia the Chyamoweth experiment, it should
contribute a substantial extrinsic component to the pyroelectric response.
Fi;ito'S in Appendix 2 shows the very strong enhancement of pyroelectric
response evideant in disordered PST as compared to the very small effect in an
ordered sample. Strong evidence that at least part of the disordering process

is reversible and thus is not likely to be domain originated.

3.1.3.2 Yozrk Upop PLZI Relazors. In view of the importamce of

polarizatioa:depolarization stuodies for the characterization of
superparaslectricity, it appeared worthwhile to extend our studies to the lead
lanthanum zirconate titanate (PLZT) family in the range of compositioms beyond
7 mole% Laj03 where there is obvious relaxation character in the dielectric
respouse.

The 7:65:35 and 8:65:35 PLZT compositions which exhibit the so called a:f
phase ttlnsition‘IS) at s temperature well below the dielectric permittivity
maeximum were the first object of study (Appendix 3). For the 8:65:35 it is
again clear that cooling from high temperature in the absence of any electric
field no macroscopic phase change appears and the ceramic is effectively cubic
for both x-ray and optical probes. Cooling under even weak field, however, (3
kV/om) leads to a rapid duild vp of remanent polarization at temperatures near

80°C (the so called a—f transition) which persists to all lower temperatures.

17
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It is important to note that this poled state is completely non—dispersive ia
dielectric response in the radio frequency range.

Applying a moderste field (less than 8 kV/cm) to a freshly depoled sample

i already cooled to -75°C does not, however, remove dispersion, but leads to s
aew dielectrio ohange to the non-dispersive state on heating. This

M ‘transitioa’ moves to lower temperature with either imcoreasing field or
decreased heating rate. Again the dielectric change is sssociated with a very
obvious build up of s macroscopic remanent polarization (Appendiz 3).

These unusual behaviors can we boelieve be accounted for very nicely by
the model of superparaelectricity. It wounld appear that in the PLZT,
inhomogeneities in the Ls, Pb and vacsnocy distributioan lead to compositional
heterogeniety and a distribution of Curie temperatures leading to the diffuse
transition near T,. In the Curie range, we suppose that the polar micro-
reglons are superparselectric, but freeze out into a random ensemble of

. microdomains at the very low temperature. Clearly the average scale is such
that the domains are below the resolution of the optical microscope or the
coberence lenmgth of the x-ray. Presumably some micro-regions (presumably the
smsllest) retain mobility even at low temperature and preserve the dispersive
character of the permittivity.

Under moderate electric field applied at high temperature, it would
appear that enough order is superposed in the temperature region near 80°C
(some 35°C below T;) that the micro-regions build up into stable macro-domaias
which are stable to all lower temperatures. At very low temperatures in
depoled samples, presumably the polar micro—regions are frozen out iato an
array of polar microdomains and the field is too weak to impose order. On
warming however, thermal motion imparts modbility to the domains and macro-

order can be built vp. As would be expected, the larger the field and the

18




loager the time, the lower would be the temperature at which the macro-ordered
state could be built wp.

The qualitative behavior is close to that which would be expected for
critical superparselectricity, with the micro-regions now at a concentration

on the brink of generating macroscopic orderinag.

L]

Studies extending measurements to samples ia the range from 7 to 9.5

mole% Lay03 give what appears to be s continuous spectrum of response from
superparasloctric to critical superparselectric to ferroelectric dbehavior
(Appendix 4).

Studies on these materials sre now beiag exteaded to iavestigate their
electro-mechanical and electro-optic chsracter so ss to obtsin more

information on the polarizatioa process.

3.1.3.3 Natuzre of the Phase Changes in Pexovskite Relaxoxs. It is

perhaps interesting to specmlate as to the proper termismology for the
polarization processes in these mixed catiom relaxors. in the evidezce from

Nava Setter’s work, the scale of compositional heterogemeity., and comsequent

1', modulation appears ia the range 100 to 1000 A, at the edge of what may be

properly charscterized as s separate phase. Clearly, on this scale, when the
micro—-region changes from a non-polar to s polar condition a phase change must
have occurred.

On a global scale of say 1 cc of the material, however, no clearly P
identifisble change has occurred. The polar micro-region is coastaatly
reorienting so there is no macro-polarization, no macroscopic structure change

and 80 abrupt change in any measurable extoensive variable. For this 1 co

scaling, oclesrly the poling field is the agency which effects a phase change :'f;}-‘_.'-:n
inducing s large (at low temperature stable) macroscopic polsrization, and an :t::;:':"::'l

obvious macroscopic structure change. _'
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. phenomenclogical thermodynamic model which quite properly treats the system in

. absolutely no conflict betwoen this model (for the equilibrium properties) and

FOMRIRMCRJTEL I T I Y2 s e S *aAe Nl IIDAAE S Rt AR, A Bt S S AN IO I CS iU R it A A SO AUA A

For the 8:65:35, on the global scale cooling under mo field clearly traps
the system in a metastable cubic state (macroscopically) and a shift to the

more stable ferroelectric polar state can be induced by high E fields. A

this way has been recently published by Jonkctu". We believe there is

the microscopic model proposed here.

As with all thermodynamic models, the coatridbution to dasic understanding
is excellent, but the contribution to the understanding of the dynamics is
mainimal and the more dotailed microscopic model is necessary to understand the

relaxation behavior.

3.2 Pragtical Relaxor Diclectrics

3.2.1 Lead Naznesium Niobate Based Compositions

An important contridbution to the use of relsxor lesd magnesium miobsats ia
electrostrictive micropositioners and in dielectric spplication has been the
development and documentatios of & process for fabricatiang this material ia a
form free from the troublesome pyrochlore phase. Details of this work are
given in Appendix S.

In brief suamary, both Pblg1/3sz/303 and its solid solutions with ano,
can be prepared in pure perovskite form by using a MgNb, O, columbite structure

precursor in the calcining reaction, and by adding a small excess of NgO,

Permittivity values at the peak in excess of 18,000 for PMN and 31,000 for PMN

+ 10% PT can be realized using s small excess of MgO and a firing schedule

which increases the grain size.
Ia a second more recent study, Voss, Swartz and Shrout (Appendix 6) have
examined the effects of a wide range of -ino.r aliovalent additives to

l'bl'u;tbz/,os. Briefly summarized, their conclusions are

20

............
..................




(1) Additives which raise the Curie range (Tc) also raise the pesk
permittivity.
(i1) High permittivity samples all show high dielectric ssturatios under
. DC bias.
(111) No general trends as to the effects of iomic size wpon diffuseness
b of the phase change could be adduced from these studies.
(iv) 1In generasl, more diffuse phase transitions lead to lower values of
the eslectrostrictive Q32 constant, but may be advantageous for the field

related Nyy of importance for micropositionmers.

3.2.2 Lead Ixon Niocbate:Lesd Nickel Niobate
Results of a preliminary study of the ‘("’(3‘1/2""112)03) -

(1-:)»0;11,3»,,,)0, PFN:PNN solid solution has deen completed (Appendix 7).
Compositions witkh x 2 0.6 were found to densify at sisterimg temperatures less
than 1000°C aad to provide pesk dielectric relative permittivities K’ > 15,000
and relatively low temperature coefficiemts of capscitamce change. Additions
of small amounts of Na0 were fouand to increase the resistivity markedly and to

reduce dielectric loss. Small addition of PbTiO3 raised the Curie tempersture

and increased the maximum permittivity.

3.3 Gzaia Size Effects in Pure BaTliO;
Followiag the methodology outlimed in the previous report, a more refined

thermodynsmic fuaction is being developed to describe the single domain
dielectric piesoelectric and elastic properties of n.'noa over the whole
temperature range from well above the Curie temperature T, to absolute zero.
This work is in cooperation with Dr. A.J. Noulson and his student A. Bell at
Leeds University.

Progress to date has included the refinement of the Buessem, Goswvanmi,

Cross Elastic Gibbs Fuaction(17.18) by including the last permitted sixth
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order term (llPiP%Pg) which was omitted from their function. Choosing a value
of H =491 x 10° va%™5, the function now predicts all the lower temperature

®

phase changes in their correct locations. As & check of the validity, the

high electric field (field slomg 100) effects upon the temperatures of all the

phase ochanges have been calculated and compared to receant excelleat
experimental data from Fesenko et al. The agreemeant between calculated and
observed shifts is excellent. An unexpected prediction from the

phenomenological calculation is that the pyroelectric effect in the induced

e

tetragonal phase below 0°C should change sign at high E fields. Experiments
are being planned to check this prediction. A more detailed account of this
work is given in Appendix 8.

- As s first exploratory study of the effects of internal stress upon the 0N ..

single domain dielectric permittivity, it was assumed that the internal stress

would be proportional to the square of the electric polarization

‘,,"1
233 = X 83jx1PrP1
and © was taken as the arithmetic mean of the three principle permittivities.
Under these assumptions of K, values of 0.052, 0.082, 0.205 in tetragonal, '.‘::
orthorhombic and rhombohedral phases, respectively, mean permittivities up to Ll
¢g = 6,000 occur nesr room temperature and the shifts of the
ferroelectric:ferroelectric phase transitions appear reasomable. The shift of ,!____
the Curie temperature is a little larxger than expected, but this is probably -
because of the sharp first order phase change which is assumed in the model,
but is much rounded by local inhomogeneous stresses in the finer grainmed _.__

ceramics. More details of this work are given in Appendix 9.
Clearly assumptions as to the proportionmality of the stress and

polarization squared are highly suspect so that the data in Appendix 9 are
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just a first cut at the problem. Vhen the more refined x~ray data becomes
available from measurements on ceramics and powders, it should be possible to
deduce the actual average stress levels and thus to make a more quantitstively

exact anslysis.

4.0 EVOLUTTONARY APPROACHES
4.1 Effects of Svace Chazze op Electricsl Dexradation in BaTiOs

Earlier studies upon the effects of space charge in MLCs (Schulzo(ls))
have suggested the need for s more precise evaluation of the mature and
distribution of the charges involved. From the esrlier study, it was
speculated that the charge at lower temperatures was dominantly ionic and the
most probable transporting species anion (oxygen) vacancies.

In the present proposed experiment, DC leakage curreat and potential
distribution will be monitored simultaneously. An experimentsl aparatus has
been designed to accomplish the monitoring using up to 10 carefully buffered
potential probes which will be embedded in the sample at various distances
from the sctive current electrodes (see Figure 4.1).

Samples for this experiment will be formed by tape casting the desired
dielectric formulation into thin sheets, then laminating and firing the sheets
to form a monolithic structure with the noble metal probes internal to the
block. Initial studies will be concentrated upom high purity barium titanate,
using high purity commercial powders and powder to be made at Penn State by
the liquid mix process. Potential distribution and leaksge curreat will be
followed as a fuaction of time at fixed temperatures. In later studies when
the bounds of the method have been explored, we proposs to vary the
stoiohiometry Ba/Ti ratio, oxamine the effects of dopants, electrode
compositions, porosity and defeots, etc. Eirlier studies showved clesar

evidence of effective blocking of current flow at the lower temperatures. By
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these experiments, we may deocide at once between dulk and grain:grain boundary S
blocking and identify the regions of high and of low field directly. D e
At the present time, the experimental equipment has been built and ° '

tested, the software is written to enable complete computer control of the

data acquisition. Ianitial ssmples have been fabricated from pure BaTiO3 444,
by the 1iquid mix process, and studies are now nearing completion to ascertais ]

proper firing schedules for these internal probe multilayer structures.

4.2 Macrodefects in Multilaver Cexamics

An initial study of the effects of introducing macroscopic defects . o
deliberately into MLC structures by using burnable plastic inserts has now

been completed by David Hardy, this work was submitted for the N.S. degree ia

Solid State Science. The title and abstract for the thesis are included in :;.«:
Appendix 9. In very brief summary, it was shown that the macro-voids which 1
were within the dielectric layers had an effect on weak field permittivity and ,Jq(
loss which was indistinguishable from normal demsity defect due to accidental é::
micro-voids and pores. For voids of different shape, spheres as expoected _- :
appear most benign and longer acicular voids more lethal. An interesting '
finding was that larger voids induced at the interface between electrode and :.,-..:
dielectric developed conductive surfaces during processing as evidenced by an L
enhancement of permittivity at low field.

Detailed interpretation from these initial studies was difficult from o .
these initial concentration of micro-flaws in the dielectric and work is nmow '
in progress to improve the processing and reduce this background defect level. . 

-

5.0 REVOLUTXIONARY APPROACHES

5.1 Iasgodustion
Even superficial examination of the problems associated with developing 4

caspacitors of very high volumetric efficiency and compact form suggests that a
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continuing trend must be towards thinner and more perfect dielectric layers.

In VLSI circuits the voltage levels are now coming down to ~1 volt and even st

1p thickness of dielectrioc, the field (if uniform) is only 104 V/em. It is .
well kmown that in most dielectric systems (certainly in polymers and
ceramics) the breakdown field strength increases with decreasing thickness
giving sn additional benefit for thin systems. ::—-

For conventional ceramic processing, there is clearly still much that caz
be done, but it is rather difficult to believe that in any short time, the L
conventional processing methods can be improved to the point of generating r

micron or even submicron films. There is thus a pressing need to begian to
explore alternative forming techniques for very thinm dielectric films.

One method which is not at all new is that used in the o0ld conventional
single layer barrier layer, where a glass fritted electrode is used to re-

oxidize the surface of a sintered pellet of highly reduced ferroelectrioc

dielectric. In the curremt single layer barrier layer, more than 95% of the

volume is ococupied by useless electrode which simple ascts as s padding

resistor. It was our thought that the single layer barrier layer could be

overfolded upon itself many times, by using s variation of the Coraning ACE "___
process to make many closely spaced (rough) large area internal surfaces. L
Potential advantages could be thg self sealing effect of the frit step which
would close cracks in the body of the part (now mostly conductor) and the .
rather officient short path between barrier layers in the semiconducting ’ﬁ.
titanste which would much reduce series resistance.
A second approsch is perhaps more radical, but also more coaveantional. ..___
The crystals SbSI is a well known uniaxial ferroelectric and has been the
object of concentrated research for many years, particularly in the USSR. The
reason for our interest is the low melting temperature and high sublimation ’_-
26 :
.




rate in vacuum whickh suggest that crystalline films of SbSI might be

zeconstructed upon substrates cool enough nmot to destroy s fabricated IC

-devioce.

5.2 Single Bazxrier Laver Multilavers

A barium titanate based composition containing neodymiuom oxide and
zirconia was chosen for the semiconducting ceramic. Neodymium functions as a
reducing ageat to facilitate the reaction Ti4* <) Ti3* + ¢~ and zirconiuva is
used as a Curie point shifter. Normal tape casting was used to produce 15 mil
tapes for the semiconductor layers. Several methods were tried to develop the
connected pore layers to interleave the semiconductor, the most successful
incorporated a burnable polymer with a lower level of semiconductor loading to
cast 7-8 mil thick sheets.

By careful regulation of the burnost, a suitably porous layer counld be
interleaved between the semiconductor monolithic sheets. Sintering was
carried out in air at 1320°C for 2 hours, followed by a reduction treatment of
850°C in (5% H,:95% Njy) gas.

The fritted electrode was forced into the porous layer using a vacuma
chuck and positive over pressure. To form the barrier, the slectrode was
sintered in air at 780°C,

Init;al dielectric studies show that an effective barrier structure can
be fabricated which will maintain low power factor up to 1035 Hs.
Capacitance/square is slightly larger tham a comparable ares disk monmolayer
barrier layex due to the internal surface roughness. Total capacitance socales
with the sumber of internal layers in precisely the manmer expected.

Current work is concerned with improving the barrier capacitance and

breakdown strength lowering the loss level by making the junction more abrupt.
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Exploring the temperature variation of capacitance to characterize the barrier
dielectrio.

It is not intended to fabricate commercial type layer structures, but
zather to completely and convincingly demonstrate feasibility and some of the
advantages possible with this structure so that commerxcial developers may take

up the extensive work required for commerocial applicability.

5.3 Aatimony Sulphur Jodide Thin Films

SHSI is a unisxial ferroelectric crystal with most unusual and
interesting dielectric, piezoslectric, pyroelectric and seamiconducting
properties. For thess studies, thin filas of SbSI were vacuum deposited by
thermal evaporatioa. A variety of ssbstrates including glass, gold coated
glass, Sn0; coated glass and silicon have been used. Films deposited at sbout
80°C showved poor crystallinity but subsequent annealing either in s closed
container oz in an i0dine atmosphere produced highly oriented orystalline
films. Needle shaped crystallites of order 0.2 uym in diameter can be
discerned in SEN microscope images, and both SEN and x-ray diffraction studies
confirm a high degree of orientation normal to the film surface.

Dielectric measurements show a peak in the permittivity mear 10°C with
relative permittivity K ~ 470, giving an effective capacitance of 0.5 ul?lonz
and a loss factor less than 2% at frequencies down to 1 kHs.

The re-crystallized films could be poled under DC field to exhibit a
substantial pyroelectric effect which peaks near 10°C coanfirming the
fersoeleotric oharacter.

Curzent work is concerned with improving the reproducibility of the
deposition process and ths possibility of using a heated substrate to permit
dizreot deposition of the orystalline form without subsequent amnealing.

A more detsiled sccount of these studies is given in Appendix 10.
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6.0 DIELECIRIC MEASUREMENTS

Bxtension of the low frequency measuring range using the quasi-static
constant voltage ramp method has temporarily stopped, pending the arrival §f Y
new electriocal engincering fellow to take up these studies. Vork described in
our earlier report was completed and is carried in published form as Appendix
11 to this report. It is anticipated that the work will be takeam up agaia ia
July, 1984, when the focus will be uponm separating the reversible and
irreversible compoments of the polarizstion in soft PZTs.

Over the current contract year, the high frequency limitstions of our
measuring equipment have beon relieved by the acquisition of a Hewlett Packard
microwave measuring system comprising the 83350B sweep oscillator, with the
83592A plug in, this encompasses the range from .01 to 20 GHz. An HP 809C
slotted line, coupled to the 8755C sweep analyser and 8750 storage mormslizer
permit impedance measurements on suitable componeants at freguencies up to 20

GHz.

During the coming year, the Laboratory will receive the full Hewlett
Packard 8510T microvave network analyser, to permit impedance and full s
parameter measurement at frequencies from 45 mHz to 26 GHz. Ia July, we shall
be joined by Dr. Jin-Hun Kim, who is head of the EE Department in Sogang
University, Seoul, and an experienced microwave engineer.

Taken together with our FFT ultra~lonmg wavelength IR spectrometer, the
Laboxatory begins to have excellent messurement capability over the whole

electromagnetic spectruam.

7.0 ANCILLIARY STUDIES

Over the contract yesr, personnel whose major commitment of time is to

the Dielectzics Ceater program have participated in & number of ianteresting

subsidiary projects relevant to the pyroelectric behavior of ferroelectrioc B —
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erystals (Appendix 12; and Appendix 13), to the lov temperature bebavior of
ferzoslestrics and the relevamce of electrostriction at these temperatures, to

pressure sensiag (Appendix 14).
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DEPOLARIZATION BEHAVIOR AND REVERSIBLE PYROELECTRICITY IN
: LEAD SCANDIUM-TANTALATE CERAMICS UNDER DC BIASES

*

CHEN ZEILI , YAO XI**AND L.E. CROSS

Materials Research Laboratory, The Pennsylvania Sctace
Universicy, University Park, PA 16802

Abstract The depolarization behavior of ordered and dis-
ordered lead scandium-tantalate (PST) ceramics has been
studied by Byer-Roundy and Chynoweth method. A sharp decrease
of the spontanecus polarization takas place in a narrow tempera-
ture range very close to the Curise temperature T. for the
ordered PST materials. For the disordered PST materials, how-
ever, the depolarizacion takes place wichin a wide temperature
range much lower than the temperature of maximum dielectric
conscant Tp. Evidence of microdomain accivitcies has been
observed in disordered materials. The reversible pyroelectric
effect is discussed in terms of the micro-macro cransitiom of
the domains in disordered PST materials.

INTRODUCTION

Earlier studies have shown that in the lead scandium-tancalate
Pb(Sc1/2Ta1/2)03 (PST) single crvscal and ceramics which are of
simple perovskite structure, the B-site cations in the ABO3 scructuras
are close to the boundary of order and disorderl. The degree of
ordering of the B-site cations can be controlled thermally. The
quenched macterials with disordered structures are relaxor ferro-
electrics wicth diffuse phase transicions, while che well annealed
materials with ordered structure exhibit "normal" sharp firsc order
ferroeleccric transition. The dielectric and ferroelectric proper-
ties of PST macerials have been veported2:3. The dielectric and_
pyroelectric properties under DC biases have also been scudieds?.

A reversible pyvroelectric effect under DC bias in disordered PST
ceramics has been explored.

In chis paper, che depolarizacion behavior of order and dis-
order PST macerials using both Bver-Roundv® and Chynoweth’ mechod
are given. The ordering of microdomain ragion {s believed to be
responsible for che raversible pvroeleccricicy. The micraodomain
activity in disordered PST ceramics is verv similar o zhat axplorad
in PLZT ceramicsS.

#Visicing Sciencisc {rom Shanghai Iascicute of Caramics, Shanghai,
China.
*#nVisicing Sciencisc Irom {ian Jiaocong Universize, Xfan, China.
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EXPERIMENTAL PROCEDURES

Sample Preparation

Samples used in this work were prepared by conventional mixed
oxide processing. Scoichiomecric proportion of PbO, Sc203, Ta20s
were ball milled in alcohol for 20 hours. The mixture was dried
and precalcined ac 800°C for 2 hours. After reground and pelletized,
- the samples were fired ac 1300°C for one hour using PbO+PbZr03 as
atmosphere controller. A final sintering was performed at 1560°C
followed by rapid air quenching to induce disorder structure. The
ordering of the B-site ions was achieved by chermal annealing at
1000°C for 24 hours. The degrees of ordering, S, for quenched and
annealed samples are 0.40 and 0.87 respectively. The final densicy
achieved was 947 theoretical with less than 3?7 weight loss.

The samples used in depolarizacion studies were 0.2-0.3 mm
thick with sputtered gold electrode. The samples were heated to
150°C ac first chen poled at 30°C, 20 kV/em for 10 min. and cooled
under electric field down to -70°C. The temperature of dielectric
conscant peaks of disordered and ordered PST ceramics are 1.9°C and
17°C ac 1 KHz respectively.

Depolarizaction lMeasurements

For the modified Byer-Rouady method, the sample in series with
s bias voltage supply was connected to a picoammecer HP 4140B. The
sauple was heated in a temperature chamber, Delta 2300. Linear
temperature ramping with specified ramping race dT/dt can be
achieved under computer controi using the HP 9825A desktop computar.
Pyroelectric coefficient, which is proportional to che thermal
current, can be measured direccly. The depolarizacion curve can de .
obtained by intcegration of the thermal current with respect to time.

A modified Chynoweth mecthod has been used in chis work. The
sample in series with a bias volcage supply was connaected to a phase AR
lock amplifier model PAR HR-8 through a preamplifier and a blocking L]
capacitor. The sample was heatedby a chopped light beam with chop- S

plag frequency-around 5.5 Hz. The pyvroelectric signal, which can ;QC;;
be read from the output voltmeter of the phase-lock amplifier, is o
proportional to p/KCp, hers p=-- pyroelectric coefficient, K-- },331

dielectric constanc, Cp=~ specific heat of the sample.

EXPERIMENTAL RESULTS AND DISCUSSION S
Figure 1 and 2 are the pyroelectric coefficiencs and sepolari- FARRE

P

4

d

1

1

o

zation curves of the ordered and disordered ?ST =macerials undar
differenc bias Fialds using che 3ver~-Roundy aeched. alclough cthe
spontaneous polarizacion of che ordered and disordered sampias are
the same, the depclarization dehaviors are quice diflarsn:. 7Tor
the ordered sample, a shar? decrease of sponcaneous solarization
Cakes place in a narrow cemperaturs fanga vary 2lose =0 the Curla
cemperature T. (17°C) at zers bias filald. Higher bias Iiald
saifcs che cransicion toward higher .ampe'a:-re Zowavar, zhe
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Figure 1. Pyroelaectric coefficient (a) and depolarizacion
curve (b) of orderad PST ceramics.

shape of the depolarizacion curve has no significanc change. 4
firsc order cransition for the ordered material is quize evident.
For the disordered matarials, the depolarizacion takes place in a
wide cCemperature range much lower than the temperature of maximum
dielectric constant Tp (1.9°C) at zero bias field. Higher bias
field also pushes cthe depolarization toward higher tamperacura
range. However, a sharp decreases of che spontanecus polarization
and an elongated tail section of che depolarization curve under
bias field are quite evident. The effect of the blas field is more
evident on the temperature dependence of the pvroelectric coeffi-
cient as shown in Figure 2(a). Under zero bias field a concealed
terrace is clearly shown in the low temperature ragion of the pvro-
electric coefficient curve. Under small DC bias field, the con~
cealed tarrace disappears, the tamperatura dependances of the pvro-
eleccric coefficienc become more "normal”. In chis respect, we can
assume that a DC bias drives a diffused phase transicion of a
relaxor ferroelectric toward a normal firsc order craansicion.
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The depolarizacion curves of ordered and disordered PST
materials caken from Chynowech mechod also exhibit the same
characteristic, as shown in Figures 3 and 4. A very sharp decrease
of the pyrosignal 1is clearly shown in Figure 3 for the ordered
materials, while a rather wide temperature range of the decreasing
of the pyrosignal is observed in Figure 4 for the disordered sample.

L] 0
oM, (%5)

Figure 3. Pyrosignal of - Figure 4. Pyrosignal of dis-
ordered PST ordered PST ceramics
ceramics (arbi- (arbicrary scale).

trary scale).

A smooth and gentle decrease of che spontaneous polarizacion
with respect to temperature change in the depolarization curve of
a relaxor ferrcelectric is very important for the reversibla pvro-
electric effect. It is in this cemperature region chat the highest
enhancemenc of pyroelaectric signal of disordered PST has been
observeds.

The detailed mechanism of the reversible pvroelectricicy is
still not yet known, however, it is believed that che microdomain
activicy is of vital importance.

In our early works, the evidence of microdomain activities ia
PLZT ceramics has been givcna. The depolarizacion behavior of
disordered PST materials also presents apparent trace of che aicro-
domain activities. 7The spliteing of highlv polarized macrodomaias
into random oriented microdomains may be responsible for the smocch
decreasing of the polarization and the appearance of the hign
terrace of the pyroelectric coefficient ac zero bias field in
Figure 2. A small DC bias field drives the random oriented aisro-
domains into highly polarized metascable amacradomains keeping the
nacerial in high polarizacion lavel. The DC 5ias also plavs as a
restoring force of the polarization during zemperacurs Jluctuaticn.
Therefore, a high anhancemeat of pyrosignal accompanied wizh
reversibla effectc resul:s.

The kinetics of the micro-macro transicicn of che domaians iz
relaxor Jerroelectrics is anccher cricical soiac 3or the ravarsidia
- pyroelectric effec:. In disordared ST =matarials, she miiroemacss
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transition 1is fast enough to respond to a temperature fluctuation
of 5.5 Hz (about 200 mS), while under che same condition no rever-
sible ferroelectric effect has been observed in PLZT ceramics with
composition 8:65:35. The experimental resulcts gu the kinecic
behavior of the micro-macro transicion in PLZTs® show that the
traasition is much slower than that of PST materials. An incerestc~
ing question is how fast the micro-macro transition can respond to
the temperature fluctuation. A detailed scudy on the kinecic
behavior of the micro-macro transition of domains is now scill
continuing.

SIMARY

The depolarization of ordered PST materials takes place in a
N4arTow temperature range close to its Curie temperature, while for
the disordered materials the depolarization takes place in a wide
temperature range much lower chan the temperature of maximum
dielectric couscanc.

Evidence of microdomain activity has been obsearved in dis-
ordered PST materials. The micro-macro transition of domains in
relaxor ferroelectrics is believed to be responsible for the
reversible pyroelectric effect.
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EEVERSINLE PYROZLICTRIC EFFECT IN n(seuzuﬂz)o, CERAMICS UMDER DC BIAS ?

CHEN ZEILI®, TAO XI** AND L.E. CROCS AR
Matarials Rasearch Laborstory, The Penusylvania State Universicy Ce
Universicy Park, PA 16802, USA RRER

(Rassivad for Publizsdien Decsmber 37, 1962) : ’ R

==t has been shown that quanched Pb(Sc; 9Tay,9)0y (PST) disordered cer- ‘e !
amics and crystals show diffuse dispersive dielactric propertiss, vhile well :
sonealed ordered materials exhibit normal sherp firsc ovder cransition. The
eric depolarisacion ssssuremencs taken using a Hewlett Packard Model 41408

picoammeter/DC Sourcs under computsr coutrolled heating cycle slse have showm A i
differant dehaviors between disordered and ordered materials. A

Ia this work pyroelectric seasuraments by Chyoowech sathod umder DC bias up e
to 1.8 IV/mm within a tempersture range of 70°C sround the tamperature of maximm 0 .
dialectric constant have Deem studiad. A very significsnt enhsncament of the '
Mmmwumuamaam&m«wma
les. The largest eahancemsut of the signal sppesrs at Camperatures some
belov the tempersture of saximm dielectric coastant.
The existence of microdousins in disordersd saterials is delieved to bde

gi

responsible for this new extrinsic compouent of reversible pyroelectricicy. T
. The large reversible pyrvoelectric effsct is a promising pheaceencn for _

developing sev pyroelectric devices. .. S

.

1. INTRODUCTION e

Ia PST siagle cryscals sad ceramics vhich sre of simple perovekite scruccture the - -
cdwabusoamnmmmm.ue.u«ummum 9
order =i disor . The degres of ovdering of che differmac D-eite caticns in -
these secarials cam bde coutrolled tharmally. Quenched diserdared crysctals and cer~
anies shov diffuse dispersive dislectric propertiss, vhile wall sonealed ordersd
nacerials exhibit "normel” sharp first order farroaleceric tramsition. The influsnces
of the orvdering upon the duluqx.g. ferroeleccric and elascoelectric properties of
PST macerials have been reportedé’?. The effects of DC bias upon the dislectric =
propercies of ovdeved amd disordered PST cermmics have also deen exploted®,

Pyroelectric depolarizacicn scudies showed thac the polarization of disordered ®

samples drops down mste smoothly, while ovdared samples depolarize abrupely vithia T w...
the cransition regicaZ. In chis vork pyroeleccric Ssasurssents by Chynoveth asthod’ S
- under DC biss up to 1.3 KV/mm vithia a tempersture range of 70°C around che taspera-

tuzs of maxinmus dislectric constant have bemm studied. e

wWigiciag seiensisc from Shanghsi Iasctituce of Ceramics, Shanghat, Chiaa. N
"wyigiting sciencist from Xiam Jisccong University, Xisa, China.

Commumsannt by Protemet L. £. Crom
m
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2. DXPIRDAENTAL .
2.1 DPreparation of Materials

1]

All samples vers jrepared by couventional amixed oxide processiag from scoichioe
setric propertioca of MO, “ﬁ:- Tap0g and ¥b,04. Compositions vere ball ailled in
alochel for 20 hours. The e wvas dried, chen calcined for ctwo hours st §00°C.
The calcine powders vere reground and pellecized. Them the pellecs vere fired at
1300°C for one bour, using Pb2r0y + PO for acmosphers comcrol. A fiaal sincering
vas performed at 1360°C followed by rapid quenshiag ¢o induce the disordered struc-
cure. The degree of orderiag ia che 3~9ite cations vers concrolled by thermal anmeal-
ing che sample ac 1000°C. TFinal demsities schieved were 94X theoretical, with ao mere
chan 32 veight loss.

The dagree of ordaring vas established by comparing base and superlactice reflece
tion imteasity in the x~csy powder pattern and using che relacicn for the degres of
ozdering S -

$ e 2 /[?‘-i] for Sl
laccicelaxp ase /cheoty

The degrees of ovderiag ars 0.57 for the samplas snnesaled ac 1000°C for 24 bours and
0.40 for the samples quenched st 1360°C to room temperscurs vithis 20 minutas.

2.2 Pyroelectric Massuremsacs by Chynowech Mathod
The pyro-signals wars seasured by & modified Chyuoweth mathad. The schemactic

cireuit for ssssuremsnts is shown {an Figure 1. The series cireuic consists of a bias

wltage supply, the sample, and a high Tesistance (109Q) across vhich a pre-amplifier
was coumectsd via s blocking capscitor (0.0l uf). The cutput of che pre~amplifier vas
conneeted €0 & phase-lock amplifier modeal PAR ER=§. The magnitude of the pyrosignal
can be read from che outpuct veitmeter of che plase=-lock smplifier. A Tekeromix 543a
cathode ray oscilloscope vas used t0 monitor the vave form of chepyvosignal. A disk
rvadiscion chopper was used co0 coucrol che haesciag frequency of the detector so as to
be close to che charge sode of operacion. Ia chis mode che pyroelectric sigmal ac

+sv

CHOPPER
0 S

0T
¥

QHOPPING
GENERATOR

PIGURE L. Schemacic diagram of asasuremenc. $ - sample: V - bias source; 740 -
pre=amnlifiar; K - charging swiceh.

2
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fixed frequemcy is proportional te p/KCy, hers p ~ pyroslectric coefficienc, K ~
dislectric constant, G ~ specific hast of the sample.

Ia all the experiments of chis work the PST samples wvere sbout 0.25 mm {n
chickness. Cireular gold electrodes were spuctarad ou to opposite faces of the
samples, the dismater of the electrods was about 3 ma. Thia silver leads vere
attached to the gold electrodes by means of air-dryiag silver paste. An infrared
projector lamp vas used as the heat sourcs to sodulate the ssaple temperasturs. A
Dalta design MK 2300 envircumenc chamber was used to changs the ambient tamperacurs
shout the bolowater chip.

Figure 2 shows the pyro=signal measured by Chynowvech sachaod far the disordered
and ovdered PST ceramic samples without electric bias. The cemperacure riage of mea~
surement is 70°C around che temperacurs of ctha dialeccric constant saximum Ty which
‘ls 1.9°C for che disovdared PST ceramic sample, and is 17°C for the ordersd one
(Figuze 3). It is obvious from the figures that the pyro—signal for ordered samples
is such larger than thac for the disorderad cue. The pyroelectric signal as a fune-
tion of bias fiald at various cesmperacures is shows {n Figure 4. If accurats absoluce
pyvoalectric coefficients were nesded, ths pyro~signals would have ¢o be corrected
for the tempersturs variacioa of specific heat and che non~linssricy depsrturs of che
rectifiers ac small signal. These corrections vers not performed since culy relative
aagnitudes ars to be used and chus they would soc affect any of che intarpretacions
and conclusiocns. It is clear chat as che bias field increases the pyroelectric
signal of the disordered PST sample incresses wore significantly than the ordsred
ons. To compars the effact of electric dias field on the disordered aand ordered i R
saterials che eshancement faccor Ny, vhich is referred to as the ratio of che pyvo- RN
sigual under s OC biss of 1.3 KV/mm and the pyvo-signal under a DC bias of 0.1 KV/em,
1s plocted as s funetion of the cemperacure differsunce T-Tg (Figure 5). The follow~ - ]
ing feature of che experimentcal resulcs are obviocus: (1) The eahancemeant factor of ;""“"
- ths pyro-signal under DC bias for the disovdered material is higher chaa that for oAU

the ovdered oue within the vhale tempersturs range of measuresencs. (2) The highest .
enhancemsnt f£sctor occurs at che tamperatures different from Tg. PFor the disordeared e
ssmple the highest enhancement £actor appears at the tamperacufe sbout 21°C belov Ty,
vhile for the orvdered sample it appears at the temperacurs about $°C above Ig.

Ia congrast vich the resules for che PST samples, the eleccric bias field shows
00 significant effect on LiNbO3 siagle cryscals ac 23°C (Figura §).

4Q

PYRO SIBNAL (MV)

P

I3 " 1
R T I R I 8
TEMP. (°C) w TEMP. (°C) »

FIGURE 2. The temperacure dependance of pyvoelectrtic signal of cthe disordered (a)
sod ordered (b) ceramias.
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3. DoIscussios

The axperimsacal rtesults presented shove shov that che DC bias has a such scronger

effect upen the pyroelectric behavior of disordazed PST ceramic samples chan cthe
ovdered one. An eshancement factor of 32 for che disordered PST sample was chserved

under & bise fiald of 1.5 KV/mm, while for the ordered ome the . .
faccor 1is caly 5. Since che pyro-signal messured i{a this work is proportional to the

highest enhancement

reglproeal of che dielectric couscant K, ctha decreasing of X with respect ¢o DC bias

fiald for the ordered and disordered

eahangement of the pyvo~signal under OC biases.

should bde parcially respoasible for che
However, the ratio of che disleccric

conscants under OC blases of 0.1 KV/am and 1.5 XV/am s less chan § wichia che eatize

tenperacurs rauge of cthe seasurement. It would 4ppear chat a2 nev axtrinsic component
of reaversible pyroelectricity iaduced by DC b
aificant enhancement of cthe pyro-signal of ch
The existence of aicrodomains ia relaxor ferroeleccrics ia che temperacure
cthan che camperaturs of che dislectric maximm Tq is suggesced 20 de the
this oer extrinsic cowponent of che raversidle pyvoelactricicy.

origin of
Under 3C bias flelds,

iss must be tespousidle for the very sig-
e disorderad ?ST cermmics under OC dias.

feagion lowver ".‘"—'1
kD
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TICURE 4. The pyroelectric signal as s function of bias field at various cempera-
tures for the disordersd (a) snd ordered (b) PST ceramics.
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funesion of the temperacurs
differencs Tq-T for the dis= FIGURE 6. The pyroelectric signal as a
ovdered and ovdered PST function of bias fiald for LiNLO,

ceramics. . single crystals.

cthe large dipole mowmencs of the micredomains, vhich are oriented ia a2 random vay, vill
experiencs scrong orienciang force and build up Llato aacrodomains. Since disovderiag
of the uicro regions 1is s chermalizacion procass, small reversible tamperaturs change
can modulace the scate of microdomain ovder snd thus cousribute & 28V extrTinsic com
pooeng to the casperacurs dependence of che induced polarization. 1o disordered PST
saterial, che direct messurement of che pyrosleccric coefficient by 3yer-woundyd tach-
siqus shows that the pyroelectric coefficisnt peak sppears at -17°C (Figure 7a), vwhich
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pyYroeleceric coefficient of
the disordersd (2) sad orvdered
(b) ST ceramics.

is 39 dagrees bdelov Ty (1.9°C). The
temperature region from =37°C co

1.9°C, vaich is supposed co be the mosc
active temperacurs reglon of aiero-
domains, is vell coincideat with che
tamperature region of large enhancement
of che pyro-signal for the disordered
PST sample. while for che ordered PST
sagerial the pyroelectcric coefficient
peak is 14°C (Figure 7%), which is suly
three degrees below T4 (17°C). Since
the ordered PST ascerial exhibics aore
OF less cormal farveeleccricity, 8o
significsat aicrodomain activicy can be
traced. The fact thac only & factor of
five of che largest ecahancemsncs of
pyro-signal ac che temperature five
degrees higher than Ta has been ohserved
in ovdared PST samples, 2esns chac the
0C bdiss can culy inducs a racher small
displacive polarization {n the absencs
of the microdomaiag. .

The large sod field-concrollable
reversible pyroeleccric effect is a
premisiang phencesncn for developing
aew pyroelectric devices.

1. . Secter and L.X. Croes, J. Macer.

2 Sei. 1S, 2678-2482 (1981).

« ¥X. Setter and L.L. Cross, L. Avel.
Phys. 51 (8), 43364360 (Aug. 1980).

3. X. Seczer sad L.L. Cross, Phys. Seac.
Sol. (a) 61, K71 (1980).

4. Chen Zhili, X. Yao and L.L. Croes,
g0 be published.

’0 A.G. Chmth. Ja ) 9 s, 27
(1), 78-85 (1934).

§. R.L. 3yer and C.3. Roundy,
Fervoelecerics 3, 333 (1972).




APPENDIX 3

PP

NEUTISE . td




e

BONE R “”
* .

AL o

A A R A W 2% 4 WM o e

Polarization and depolarization behavior of hot pressed
lead lanthanum zirconate titanate ceramics

Yso X5;® Chen Zhill,™ and L. E. Cross

Mazerials Research Laboratory, The Pennsylvania State University, University Park. Pcumylwm 16802
{Received 22 November 1982; accepted for publication 28 February 1983)

A detailed study of the polarization and depolarization behavior of 7:65:35 and 8:65:35 lead
lathsnum zirconate titanate transparent ceramics under dc bias and constant heating rates has
been carried out. The dielectric permittivity exhibits a new anomaly near 0 °C in freshly thermally
depoled samples which is associated with a buildup of macrodomains and the development of a
remanent polarization. From coatinuity of the dispersive behaviors it is suggested that the
dielectric change at the so-called a4 transition T, is not a conventional phase change, but rather
is 2 loss of macro-ordering and a decay back to a disordered microdomain texture.

PACS numbers: 77.60. & v

L INTRODUCTION

The thermal depolarization behavior of electrically
poled lead lanthanum zirconate titanate (PLZT) ceramics
with compositicns in the range of PbZry,, Tig 30, with
La,0, additions of 6-, 7-, and $-mole% La,0, have been of
interest for the behuvior of the pyroelectric current, dielec-
tric response. and electro-optic characteristics.'? It was
clear from the early studies of Keve* that depolarization of a
short-circuited PLZT of composition 7:63:35 occurs st a
temperature weil below that of the dielectric permittivity
maximum. Dielectric data of Salanek’ suggest that the X’
maximum is strongly dispersive as in ferroelectrics with dif-
fuse phase transitions (relaxors). More recent measurements
by Kimura, Newnham, and Cross® of the elastic shape mem-
ory effect suggest that the shape changing ferroelastic ma-
crodomains are lost in these ceramics at the lower depoling
temperature.

The present study was undertaken to explore more fully
both the poling and depoling characteristics of transparent
hot pressed PLZT's of 7:65:35 and 8:65:3 composition.
Data presented here are for the 8:65:35 composition: how-
ever, the 7:65:35 material gives qualitatively similar resuits
in every respect. To avoid, as far as possible, domain stabili-
anonofthetypcdcmonmwdby&hulu. Biggers, and
Cross,” ail measurements were made on annealed and fresh-
ly thermaily quenched samples,

I SAMPLE PREPARATION

Ceramics used in these studies were originally prepared
at the Shanghai [nsticute of Ceramics in China. The designa-
tions 7:63:35 and 3:65:35 indicate in the conventional man.
ner & zirconmia:titania ratio of 65:35 mole%% and a substitu-
tion of 7 and § mole% of La2,0, for PYO. The samples were
prepared from reagent grade nicrate salts of lanchanum and
zirconium and reagent grade TiCl,. The salts were dissolved
in distilled water and the solutions mixed in the desired pro-
portions. Mixed solurions were then coprecipitated by addi-

* Visicing stiencist from Xisa Jisotong Universicy, Xian, Chuna.
* Visiting ssientst from Shanghas [nsutute of Cerasmcs, Shanghar, China

tion of ammonia to maintain a gH value of 8. After thorough
washing to remove NO;~ and C1™ ions, the precipitates were
spray dried a¢ high temperatures. Reagent grade P50 pow-
der in 10% excess of the required stoichiometric proportion
was then added and the powders bail milled in polyethylene
lined jars in acetone for 6 h. The slurry was again dried and
cold pressed slugs of suitable dimensions were hot pressed in
an O, acmosphere at 1150 °C for 16 b under a unisxial stress
of 200 kg/cm®.

Boules of near theoretical density, high transparency,
and a mesn grain size of 2 um resulted.

lil. EXPERIMENTAL PROCEDURE

Samples of PLZT were cut with a string saw and then
ground to the thickness used for dielectric measurements,
generally 0.1 t0 0.2 mm. Electrodes used were sputtered
gold. The diameter of the electroded area was around $ mm.
Sampies were annealed ac 600 °C for | h and then followed
by siow cooling.

The dielectric properties of PLZT were measured by a
computerized automatic measuring system with Hewlett-
Packard’s new generation of microprocessor-based equip-
ment. The biased temperature dependence of dielectric con-
stant and loss tangent were measured by a multifrequency
LCR meter, HP 4274A and 4275A in the frequency range of
102-107 Hz, with basic accuracy of 0.1%. The biased pyro-
electric currents were measured with the HP4140B picoam-
pere meter. A Deita Design model 2300 environment
chamber covered the temperature range from - 150 to
200 °C, using liquid nitrogen as a coolant. Temperatures
were measured with a Fluke 8502A digital multimeter via a
piacinum resistance thermometer mounting directly on the
ground electrode of the sampie fixture. A HP 9825 A desktop
computer was used for on-line control of automatic mea.
suremnent through a HP 6504B muitiprogrammer intertace.
All the data were recorded on flexibie magnetic Jiscs. Spe-
sial software was developed for automatic measurement.
Linear temperature change wich specified rates was easily
achieved. The reproductbility of measurements was excsi.
lent.

All the measurements were made on {reshiy tiermaily
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dependence
under de bias of I kV/cm at heating rate of 3 ‘C/min.

depoled samples. Samples were heated above 150 °C, then
cooled down below — 75°C. Bias was applied at - 75°C
and then the sample reheated from this temperature.

V. EXPERIMENTAL RESULTS

The temperature dependence of the weak fleld diefec-
tric permittivity at several frequencies applied to an 8:65:3
- PLZT ceramic under a dc bias of 3-kV/cm applied at
= 75 °C and messured on siow heating (3 °C/min) is shown
in Fig. 1. The peak labeled 7, observed near 0°C is 2 new

phenomenon heretofore unobserved in this system, and ap- -

pears to divide the response into four distinct regions. There
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is a dispersive region below 7} (1), a largely nondispersive
region between T, and T, a temperature often referred to as
the a-f phase change(2), a second dispersive region berween
T, and T, the temperacure of the dielectric maximum (3),
and a second nondispersive region above T, (4).

In a sample cooled without bias from above T, regions
(1) and (3) cojoin flling the whole temperature range below
T.. and appear t0 be of completely similar property (Fig.
2a)]. On cooling under de bias, however, T, is reproduced.
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_ FIG. 3. Kinetic behavior of transition at T under different heacing rates. "! .0 - -
{ e
but region (2) now persists down to the lowest temperatures ~ 80
measured and region (1) is lost [Fig. 2(b)]. :z: 00
Az a constant heating rate T}, shifts to a lower tempera- e -
ture with increasing bias [Fig. 3(a)] the “transition™ being 2 -180
most obvious in the dielectric stiffness (Fig. 3b)). Ik would & _,44
appear that the product k7, In £ is approximately constant g 3
over the fleld range studied (Fig. 4). k is an arbitrary con- ~3.0% S 56 300
stant. bl TEMPERATURE (°C)

For field below | kV/cm no T, peak was observed, but

at intermediate fleid levels it was clear that the temperature  FIG. 7. The buildup and decay of (a) the remanent polarization and (b) asso-
r, depends on the heating rate, increasing with faster heat- ciated charging and discharging current of PLZT 8:65:35 under dc bias of §

ing, but being difficult to observe for rates above §°C/min 1/ o g e
(Fig. 3). '
cas S
- 9 Prepoled sampies ‘do not exhibit the 7, peak and in no
o G20 3 sample could we detect this change on cooling from high
S ais 3 mmaAmmmghM!.hemph
5 3 be cooled in an unpoled state and the fieid applied at low
= Qo < temperature.
< 3 Aging the sampie at temperatures below T, appears to SO
g 008 3 preferentially reduce the dispersive component of X (Ref. 7) AR
§ Q.00 3 and for such samples the peak at 7, was smeared. [n long PR
3 aging at low temperature the 7, peak was often to the point R
-a.08 ) oo m where the change was difficult to discern at all. o
(s) TEMPERATURE (%2 That the dielectric changes are associated with the RERNRS
buildup and decay of marcropolarization has been con- e
© - 20 firmed by pyroelectric measurements using the Byer~ e
3 Roundey® technique. RN
= - The remanent polarization builds up rapidly in the vi- -
g Lo 3 cinity of T, for a sample heated from the depoled condition
- < under a field of 3 kV/em (Fig. 6(a)] and the charging current
g ] associated with this buildup is evident in the current curve in
- a0 - Fig. 6/b) and is in sharp contrast to the depoling current peak
z 3 at T,. Similar curves for a larger fleid of § kV/em (Figs. 7a
g 1 and 7(b)] confirm the dielectric trends for 7 and 7.
g < The asymmetry on cooling is clearly evident in Figs.
- S5 ) 100 200 $(a) and 8(b) which show that once the macropolarized state
{8) TEMPERATUARE (°C) is established it does not decay again on cocling. Thus. only
) . the poling current peak is evident in Fig. 8(by,
:‘i‘m mxwmaﬁrm‘:&m For a 3-kV/cm fleld the behavior of prepoled and de.
kV/cm at constant heating rate. poled samples is contrasted directly in Fig. 9.
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V. DISCUSSION

The evidence presented above suggests strongly that
neither 7, nor 7, are associated with conventional phase
changes in the dielectric. The dispersive character below T,
in the virgin state is similar to that observed in many relaxor
ferroelectrics and is attributed to heterophase micro regions
which are disordered in the thermally depoled state. Since
these “domains™ are on a scale much smaller than the x-ray
coherence length or the wavelength of light, the structure
appears cubic below T, t0 most macroscopic tests.

Underbmle!ds.thehrgedxpohmmennofthzm-
crodomains will experience strong orieating force and ap-
parently at T, microdomains can build into macrodomains
with consequent distortion of the structure, the manifesta-
tion of optical birefringence, and the emergence of the shape
memory of ferroelastic macrotwins.

Once established below T, the ordered state will per-
sist down to absolute zero, and no lower change is to be
expected. Clearly, however, the kinetics of microdomain
réarrangement will slow up with reducing temperature. We
suggest that for thermally depoled samplies in the region be-
low 0°C the kinetics is sufficiently slow that a dc bias is
unable to effect reorientation in a reasonable time, and the
disordered state persists. If, however, the biased disordered
microdomain system is now heated at a constant rate, order-
ing can occur at a suitable temperature when the rates have
speeded up sufficiently. Thus higher fields or slower heating
rates will both serve to depress the temperature T, of the

change from micro- to macro-ordering.
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of prepoled sad depoled PLZT $:65:3S sampies under 2cbiasof 3 sV ‘cm at
constant besting rate.

The sequence of dielectric and pyroelectric observa-
tions are consistent with this suggested pactern. If T, were
an a-f phase change, as has been suggested earlier. then it
would necessarily imply that the change at 7, was a conven-
tional poling phenomenon. In this case the kinetics of the
behavior would be difficult to expiain. and the clear contin-
uity of the dispersions in regions (1) and (3) for unbiased
crystals would be a remarkable coincidence.

On balance we feel that the buildup and decay of macro-
domains from polar microregions provide a valid descrip-
tion for all observed phenomens. A more subtie “phase
change”™ explanation may be possible. however. bearing in
mind the scale of the polar microregions postulated. Since
the onset of a nonzero polarization will occur at a diffecent
temperature in each microregion over the temperature range
of the dispersive dielectric permittivity pesk. it may well be
that on a global scale these local onsets should not be consid-
ered as phase changes.

In this view then. the crystal may be regarded as being
macroscopically cubic over the whole temperature range.
Below some temperature T, between T, and T, this “cubic”
nonpolar phase becomes metastable with raspect t0 a ma-
croscopically polar phase and the crystal can be foreed into
the more stable state by a poling field. Thus T, and 7. may
be regarded as a fleid-forced phase change to a polar state
and a thermal depoling into 2 macroscopically nonpolar
state, respectively.

A question of major interest which remains unresoived
is the nature of the subgrain neterogeneity in the PLZT
which favors relaxor behavior. [t may be suspected :hat the
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very high levels of lanthanum doping could give rise to par-
tially ordered planar defects which could serve to interrupt
and limit the polarization on the appropriate scale, but much
more detailed structure work is required to delineate this
heterogeneity. :
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POLARIZATION AND DEPOLARIZATION BEHAVIOR OF BOT PRESSED LEAD
LANTHANUM ZIRCONATE TITANAIE CERAMICS

TAO XI, CHEN ZHILI, AND L.E. CROSS
Materials Reseazed Laborstory, The Pennsylvania State
University, Usiveraity Park, PA 163802

Abhssragt-Studies have bees made of the polarization sad depolar
izatioa bdehavior for lead lanthaauam zircomate titamsate ceramics
with zigzcoaia:titanis ratio 0.65/0.35 aand Lay04 conteat from
0.07 to 0.093 (7:65:35 to 9.5:65:33). Con:tnlity'ot the dielec-
triec dispersion oa cooliang sabiased freshly de~aged samples
suggests that aeross this whole composition range for teampers-
tuzes below the dielectric mazima, there are 20 sacroscopic
phase chasges. Lazge remanent polarizatioss may be built ap at
low temperatuses by ¢oaling uader suitadle DC bdiss, dut che
cezamics will ‘staad off’ signifiecaat bias levels applied at low
temperstuze sad zemaia dispesrsive. Depoliag os heating becomes
progzressively less abrupt with iscressiag L¢203 conteat but is
always sescomplished vwell belovw the temperatare of the dielectric
‘-asgimem. A model iavolvimg the ordering and disorderiang of
polag micro-regions sader electrical sad thermal fields aceomats
wvell for the observed propesties.

The thermal depolarizatioa behavior of electrically poled lead
laathanua zirconste titanate (PLZT) ceramics with compositions ia the
range of PbZzg ((Tig 3403 with Ls,03 sdditions of 6~, 7~, sad S-moled
La203 have boca of iaterest for the Behavior of the pyroelect gr
current, dlelectric response, and electzo—optic oha::ctotis:lcl
It vas cleazr from the early studies of !ovo‘ that depolagization of o
shogt-sizouited PLZT of composi-tioa 7:63:35 cecurs at s tempezature
wel]l below that_of the dielectric permittivity maximum. Dielectreic
data of Sclanck’ suggest that the k' mazimuas is stromgly dispersive
ss ia ferroelectrics with diffuse phase transitions :mlaxora). Morze
teceat messurements by Kimura, Newnham, and Cross” of the elastic
shape memory effect saggest that the shape changing ferroelastis
sacrodomaias are lost ia these ceramics at the lower depoling tem-
peratuse.

The present study was carried out to investigate more fully bdoth
poliag sand depoliag charzacteristics of traaspareat hot pressed PLZTs
sovering the composition range from (7 o 9.5):65:335. Data for the
3% La 03 composition have beea presentsed oa:ltor’. but some are

rcp:oiucod agais here to compare with the 8.8 aad 9.5% Lay0,
cuapositioas.

thilics ssed ia Gh.so s:udics wvere provided by the Shanghsi

{sulpied
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Institute of Ceramiocs in China, Wafers used iz the present scudy
were cut from bdoules of near theoretical demsity, high optical trans-
pastency and mean grainm sizes in the range 2 to $§ pa.

Dieleatric properties vere messured on a computerized sutomatic
seasuring system using the HP LCR meters AP 4274A and 4275A under HP
9825 computer coatzol. Pyroelestric currents were measured with an
HP 4140B picoampersmeter. A Delta Design 2300 eavironmeat chamber
eovered the range ~150 to 200°C and tempersture vere sessured with 2
platisua resistance thermometer on & Fluke 8502A digital maltimeter.
Specisl softwazrs was developed for automatic messuremeat aad all dats
wege gecorded on flexible magnetic disks.

EIPERIMENIAL BESULIS

The temperature dependeace of dielectric permamittivity in
$:65:35 PZT cooliag nader zero biss, and under & DC biss of 3 kV/ca
for a gooliag rate of 3°C/min is shown ia Figure 1a aad lb. Sup-
pression of the dispersive behavior (relazor charscter) uader bias is
¢lessly evideat st tesamperatures below 53°C, Similarly for an 8:65:35
PLZT sample cooled to ~75°C then bDiased to 3 kV/cm and heated at
3°C/mia (Fig. 2), the persistemce of the dispersion gyp to a tempera-
tuge T, followed by s suppressed 2o dispersive regioa (2) a2 re-
emergence of dispersion below ‘1'. {(3) and the coaveational higher
temperature aon~dispecsive regions (4) are quite evident., That T
sad T_ are poling and depoling temperatures is evidenced from the
pyt«foct:ic curreats (Fig. 3), snd the integrated curreant shows the
sorzespondiag build up asad desay of macroscopic polarization.

Data has slready been presented to show that T, deccessss with
increasiag dias field, and the kisetisc u;nn of the change is evi-
deat from the dependence updn heatiag rate’. ’

In the 8.3/63/35 PZI, on cooling s freshly de-aged sample again
the dispersive character of s telazor ferroelectric is cleazly evi-
denced (Fig. 4a). Here, however, uader even high DC bias of 1S :tV/ca
the relazation is not completely suppressed and there is a0 evideace
of sa adrupt change sach as that seen ia tle 8/65/35 coapositions
(Fig. 4b). That the polarizstion builds up aad decays ia s rather
similar manaer to that in the geramics of lover laathaaum conteat
is,hovever, evideat from the integrated pyroelectczic cespoase for 3
sample cooled under field (Fig. S(2]) as compared to that of & sample
¢ooled without field to =100°C then bissed to 3 kV/cm sad heated at a
coastaat rate of 3°C/miaunte (Fig. S5(1]).

It may be noted that the msjor changes with iacreased La,n,
coagent is that the polarization levels aze lower, the changes are
sore gradusl and occur st lower tempersture.

Ia the 9.5:65:35 this trend is contiaued (Fig. §) aad hece a
higher field of 6.6 kV/cm was used to produce comparabls polarizatios
ehanges. Larger polarization levels cen be induced iz boes 5.8 and
9.5% x..zo, sompositioas, but oaly by going to much higher fie!ld
levels.

-
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The coatimuity of the dispersion curves iz sll samples below '1'.
suggests that ia the absesse of a driving field mome of the materzials
goes through a ncrmal macroseopic phase ehange below T_. This would
appear to be ¢ Hiuod by recent measuresmeats ia Shaanghai of V. Yia
and colleagues who show that ia grain grows PLZTs of the $:65:35
eomposition the iadivideal graias lhave isotropic optical propecties
below T_ ia the absence of aa external fleld.

For the 8.8:65:395 and 9.5:65:335, the dispersion sad poliag: -
depoliag bdebavior are remarkably similar to those observed ia
Pb(l;u sz,,)o,. Pb(Scuzra 12 )0 sad other relszor ferzoelectriscs.
It is thus cemptiag to ;"’ly the model of ordeszing of polar sicro
tegions under field, sad disorderiag usder temperature to describe
the obsezved build up and decsy of polarizstios. That the 8:65:3S5
eomposition is optically isotropisc graia by grais oa eooliag agaia
suggests the model of disordered polar malezo—zegions. Hovever, ia
this composition the disorderiag is ncho: abrupt and Ras many of tie
features of a phase ehaage.

Ve suggest ia speculatioa, thu in saslogy to magnetiss, the
PUN, PST, 8.85:65:33 asd 9.5:63:35 compositions say de ssperparaelec—
tzic but that in the 8:65:35 the phenomens may be more snalogoss to
that of aritical superparamagnetisa.
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Dielectric Properties of Lead-Magnesium Niobate Ceramics

S.L. SWARTZ," T.R. SHROUT,"-* W.A. SCHULZE,"" and L.E. CROSS"

Materials Research Laboratory. The Pennsylvania State University. University Park. Pennsylvania

thcukpfmrﬁumnpomdforludmguaiumniobsu
(PbMg,sNb2O,) ceramics which were prepared 2s single
phase (l.e., without pyrochiore) with an improved technique.
Dielectric constants of 18000 for pure PMN and 31000 for
PMN with 10% PbTIO; were achieved; these values are 50%
larger than those reported in the literature. The dielectric con-
stant of PMN ceramics was found to increase with both sin-
tering temperature and excess MgO. and subsequent analysis
of the micrustructures confirmed that this was due to an in-
crease in grain size. This grain-size dependence is explained as
a consequence of low-permittivity grain boundaries.

L. Introduction

EROVSKITE LEAD MAGNESIUM NIOBATE (PbMg,.sNby,Oy, here-

aiuerdenguued PMN) was first synthesized by Soviet workers
in the late 1950s.' The dielectric properties of PMN have since
been mdely investigated in both the single-crystal’*-* and
ceramic'*** forms. The main feature of the dielectric properties of
PMN. common 0 all of the above investigations, was a broad
maximum of the dielectric constant’ just below room temperature.
The magnitude of this maximum (at 1 KHz, =12000 for ceramic
PMN and >20000 for single-crystal PMN) decreased and the
temperature of this maximum increased with increasing frequency.
A corresponding frequency dispersion of the dissipation factor was
also observed, but at a temperature range lower than that of the
dielectric constant maxima. This behavior is typical of what are
now commonly referred to as relaxor ferroelectrics.

Recently, there has been much interest in PMN and PMN-based
materials for electrostrictive strain applications.™"” It has been
reported that the electrostrictive strains generated in PMN-based
ceramics are an o:der of magnitude larger than those of
BaTiOy-based ceramics'’ and are comparable to the piezoelectric
srains of PZT ceramics.'’ This is due to the large dielectric
constant of PMN, as the induced electrostrictive strains are pro-
portional to the square of the polarization (and thus dielectric
constant). PMN is not only an important candidate material
for electrostrictive devices, but should also be promising for
other applications requiring a large dielectric constant macerial,
€.§.. capacitors.

A limitation to the utilization of PMN in device applications has
been the lack of a simple. reproducible fabrication technique for
ceramic PMN. The fabrication of PMN is complicated by the
formation of 2 lead niobate-based pyrochlore phase during the
initial stages of reaction between mixed oxides.'* The subsequent
transformation of the pyrochlore phase to perovskite is sluggish
and necessitates the use of repeated caicinations at relatively high
temperatures for long times. Mixed-oxide processing rarely results
in pyrochlore-free PMN and has associated problems of
reproducibility and the control of PO stoichiometry. At least
part of the large discrepancy between the maximum dielectric
constant values reported for ceramic and single-crystal PMN
(12000 vs 20000) may indeed be explained on the basis of the
fabrication probiems.

Presencad at the Basic Science and Eleczonics Divisions joim Fall Mesting, Cam-
bndge. Massachusetts. 15. 1982 (Paper No. 173-BE-82P). Rocnved
Anu;‘ 4, 1983: revised copy received December 12. 1983 approved January
nimr by the Office of Naval Resesrch under Contract No. NOOO14-
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In 2 recent investigation,' an improved process for the fabri-
cation of pyrochlore-free PMN was developed. The technique con-
sisted of prereacting magnesium and niobium oxides to form the
columbite MgND,O,, prior to reaction with PbO. Perovskite PMN
thus formed via the reaction:

3Pb0 + MgNbOy = 3PbMg,3Nb2,,0, ¢4)

The amount of pyrochlore phase was reduced t0 <2% by this
method, as compared to =30% for a batch of mixed oxides given
a similar calcination schedule. ht was also shown that the pyro-

- chlore phase can be completely eliminated by additions of excess

i

MgO (=2 mol%).

The purpose of this investigation was 10 study the microstructure
and dielectric propertizs of sintered PMN ceramics fabricated using
the above technique. Processing variables included deviation from
the PMN stoichiometry, calcining temperature, and sintering
temperature. The compositions investigated were based on pure
PMN and PMN with 10 moi% PbTiO;, which has 2 transition
range closer to room temperature.

Il. Experimental Procedure

Compositions were selected so that the effects of excess MgO
andeOstosch:omécycouldbedeﬁemnned As previously re-
ported, ' excess MgO suppresses pyrochlore formation: however,
its effect on dielectric properties should be examined. The effect
of PbO stoichiometry becomes important when considering the
problem of PbO volatility during sintering. Thus. compositions
investigated in this study corresponded to the following: stoichio-
metric lead magnesium niobate (PMN-STD); 2 and 5§ mol% excess
MgO (PMN-x% MgO): 2 mol% excess PbO (PMN-2% PbO): and
2 mol% deficient in PO (PMN-2% MN). Compositions with
10 moi% PHTIO; were also as stoichiometric (PMN-
10PT-STD) and with excess MgO (PMN-10PT-x% MgO).

The raw materials used throughout this investigation were
reagent-grade oxides of lead, magnesium, niobium, and ticanium.
As described in Ref. 14, the fabrication process for PMN primarily
consists of two steps: the preparation of MgNb,O,. followed by
the addition of PbO and subsequent caicination. For the excess
MgO compositions, the excess MgO was added prior to reaction
with Nb,Os.

Accordingly. three MgNb,O, batches were prepared with the
stoichiometries: MgO * Nb-O; (for the STD. 2% PbO. and 2% MN
compositions). 1.02MgONb.Os (2% MgO). and 1.05MgO-
Nb,O,4 (5% MgO). After ball-milling in ethanol for 12 h and sub-
sequent drying. the MgNb-O, batches were caicined in alumina
crucibles at 1000°C for 6 h. X-ray diffraction (XRD) confirmed that
the columbite structure of MgNb:Os was obtained in each case.

The constituents, PO and the appropriate MgNb.O, batch.
were weighed. mixed by ball-milling as above. and calcined in a
closed alumina crucible at T = 800° or 870°C for a soak time of
4 h. After calcination. 2 wt% PVA binder was added and pellets
(1.27 em in diameter and 3 to 4 mm thick) were pressed. Follow-
ing binder burnout at 500°C. the pellets were sintered at various
temperatures (1200°, 1270°. and 1310°C) for 1 h. PO loss was
limited by the use of a sintered PMN source powder. Weight loss
on sintering was typically held to <1% for the STD composition.
<0.5% for excess MgO compositions. and <2% for the excess
PbO composition: a slight weight gain was observed with the
PMN-2% MN composition. The sintered peilets were analyzed by
XRD and scanning eiectron microscopy (SEM).

Sampies for dielectric measurements were prepared from the
sintered pellets by polishing the faces paralle} with 12 wm alumina.
sputtering goid electrodes. and applying air-dried silver paint to

-— ey
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. fig. 1. Microstructure of (A) PMN-STD and (8) PMN-5%
MgO. bdoth calcined ac 800° and siatered ar 1200°C

Fig. 2.
800°. sintered at 1270°C.

2. Dielectric constant and dissipation factor vs temperature for
(A), (8) PMN and (C). (D) PMN-IOP‘!P:‘g

TD compositions. calcined ac

Table Il. Effect of Processing Temperatures on
100-Hz Dielectric Properties of PMN-STD
nup (% temp. (% K,== (100 Hz) L. (Q)
800 1200 - 15900 -15
800 1270 18 200 -15
800 1310 16400 -17
370 1200 14900 -15
870 1270 15800 -16

temperature at which this maximum occurred. The dielectric con-
stants were corrected for porosity by the equation governing paral-
lel mixing:

K = Koud prn/ Pove) 2)

Composition X Density (gm') Geain size (um)

PMN 1200 7.78 2.8 and averages were caicuiated.
1270 1.59 6.1 Electrical resistivities of selected samples were measured at
1310 1.54 8.9 T = 250° to $50°C using a picoampmeter” with an appropriate

PMN-2% MgO 1200 1.1 3.7 field (=~0.1 to 0.5 kV/cm) being applied across the samples.
1270 7.61 6.0
1310 7.56 10.2 II. Resuits and Discussion

PMN-5% MgO 1200 7.78 6.0 (1) Microstructures
1270 7.65 8.9 . . . .
1310 763 13.6 Typical SEM micrographs are shown in Fig. |. demonstrating

*Calcined 2t 300°C. p, = 8.13 g/cm’.

improve electrical contact. Prior to electroding, the geomerry and
weight of each sampie were measured and densities were calcu-
lated. Dielectric measurements were carried out on an automated
system. whereby a temperature-control box! and LCR meters:
were controlled by a desk-top computer system.** Dielectric con-
stant and dissipation factors were measured pseudocontinuously at
various frequencies between 100 Hz and | MHz as the sampies
were cooled through the transition range at a rate of 0.75°C/min.
Typically. 2 to 4 samples of each composition and thermal history
were measured. The two parameters used tor analysis of diefectric
data were the maximum dielectric constant at 100 Hz and the

+Modet 2300. Deita Dun}n Inc.. San Diego. CA.
Models 4374A and 4275A LCR meters. lent-Packard. Inc.. Palo Alto, CA.
“*Mode! 9825A. Hewlert-Packard. Inc.

the influence of excess MgO on the microstructure of PMN ce-
ramics sintered at 1200°C. Table [ gives the grain size (caiculated
by a linear intercept technique) and density as a function of com-
position and sintering temperature for sintered pellets made from
PMN powder calcined at 800°C.

Two trends in the data presented in Tabie [ were observed:
(1) An increase in sintering temperature resuited in an increase n
grain size and a corresponding decrease in density. (2) Excess
MgO increased the grain size without ippreciably changing the
density. These two observations will become important when con-
sidering the results of the dielectric property measurements in the
next section.

(2) Dielectric and Resistivity Measurements

Figure 2 shows typical piots of dielectric constant and dissi-
pation factor vs temperature at various frequencies rfor pure PMN
and PMN with 10% PbTiO,. The 10% PHTIO, addition atfects the
dielectric properties of PMN in three ways:

“Mode} 4140B. Hewlett-Packard, [nc.
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Table [TI. Effects of PYO Stoichiometry on Table V. Effect of Processing Temperstures oa
100-Hz Dielectric Properties of PMN® 100-Hz Dielectric Properties of PMN-10PT-STD
e . s
Composition .mp. :Q‘l K g (100 H2) T. (*C .mp. (% wmp. R") K e (100 H2) T, (°C)
PMN-STD 1200 14900 =13 800 1200 21200 40
1270 15800 -16 1270 26500 39
PMN-2% PbO 1200 14500 = -13 1310 29400 38
1270 14100 -1a 870 1200 19900 40
PMN-2% MN 1200 13200 -19 1270 25500 »
1270 16000 -19
*Caicined u §70°C.
Table VI. Effect of Excess MgO on 100-Hz
Dielectric Properties of PMN-10PT*
Table IV. Effect of Excess 24‘30 on 100-Hz ~ ) T
,,_,%' PMN-10PT-STD 1200 21300 9
Composition mp. ( x==uoo Hz) T. (0
PMN-STD 1200 15900 —15 1310 29400 38
1270 18200 -15 PMN-10PT-2% MgO 1200 29300 4l
1300 16400 -17 1270 27300 39
- PMN-10PT-5% M 1200 28900 41
1310 18300 -15 ¥ 1270 29100 39
PMN-5% MgO 1200 17000 -13 1310 34000 40
1270 19400 -14 *Caicined & 800°C.
1310 17900 . -15
*Calcined & 300°C.

TEMPERATURE  (*C)

(1) The mansition range is shifted to higher temperature. The 10“ S0 w0
of the 100 Hz dielectric constant maximum is in-

creased from = 15° for pure PMN to 40°C for PMN-10% PbTiO;.
A corresponding increase in temperature was observed at higher

({rcm)

{2) The magnitudes of the dielectric constant maxima are in-
creased by the addition of 10% PbTiO, from 14 to 18 000 (100 Hz)
0 20 w0 30000, depending on processing conditions.

(3) The frequency dispersion of the dielectric constant maxima
is decreased by PbTiO;. The semperature difference between the
100 Hz and 1| MHz dielectric constant maxima is 23° for pure PMN

and 13°C for PMN with 10% PbTiO,.

The effocts of the various expenmuulmpmmtzrs,w e “{com-

3 . etc.) on ectric
e e T o P i P8 T
presensed in Tables I w0 V1. 1.3 1.5 7 g

Arrhesius plots of the resistivities of PMN-STD, PMN- . . s .-
2% M'O and PMN-5% MgO. sintered at 1200° and 1270°C., 1000/T <K
appesr in Fig. 3. The activation energies and extrapolated

oom-mperacire resistivities are given in Tabie VL. Fig. 3. Amhenius plots of resistivity for PMN
(3) Discussion of Resuits with excess MgO; calcined at 800°, sintered

In the following description of the results of the dielectric and x!
resistivity measurements. sach of the various topics will be taken

RESISTIVITY

up separmsly.

(A) Sintering Temperature: The effect of sintering tem- . 3
perature on the dislectric properties was pronounced and consistent Table VII. Effect of Sintering Temperature and R
over the entire set of compositions investigated. An increase in Excess MgO on Resistivity of PMN e
sintering temperature resulted in an incresse in maximum dielectric - yve— SRR
constant. The effect of sintering iemperature was most pronounced Siowrng R
for the PMN-10PT-STD composition (Table V). for which the Composiion Prwe ((ecmie  (x10~" J/mol)

100 Hz maximum dielectric constant (corrected for porosity) PMN-STD 1200 1.4 x 10® 2.56 [ ]
mmzlzoowzm%nm#m sintering 1270 9.8 x 10 2.48 T
was increased 1 to 1270° and 1310°C. e
respecuvely. for powder which was caicined at 800°C. Reiating PMN-2% MgO {%38 %g : }g: %: '
2.6 x b4
7.7 x 2

this t0 ‘the MICTOSTTUCTUres. a grain-size dependence of the di-

electric properties is implied (i.e.. an increase in dielectric constant PMN-5% MgO 1200 xo':

with increasing grain size). 1270 10' -
18) Calcining Temperature: Using the criterion of maximum *Extapoisted from high-tempersture data. N )
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dielectric constant, it is apparent from the data presented in
Tables Il and V that 800°C is a better calcining temperature than
870°C for the PMN-STD and PMN-10PT-STD compositions. This
might be explained on the basis of a pyrochlore content argument.
In the calcining study described in Ref. 14, it was noted that, for
the PMN-STD composition. the amount of pyrochlore phase in-
creased with increasing calcining temperature (although the pyro-
chlore coatent for the highest calcining temperature was still
<2%). However. the general trend of a lower dielectric constant
with the 870°C calcining temperature (as compared to 800°C) was
also noticed for compositions with excess MgO. which did not
have a detectable amoumt of pyrochlore. Thus the exact nature of
the apperent calcining temperature dependence of the dielectric
properties of PMN cannot be fully explained at this time.

(C) PbO Stoichiometry: The im; of PbO stoichi-
ometry was demonstrated by the data in Table lIl. Although the
PMN-2% PbO composition experienced a large weight loss during
sintering. which resulted in a PO stoichiometry approaching that
of the PMN-STD composition. a degradation of the dielectric
constant was observed. The PMN-2% PbO composition had a
100 Hz transition te of =13°C. as compared 10 - 15° for
PMN-STD and —19° for PMN-2% MN. This result expiains the
slight decrease in transition temperature observed as the sintering
temperature was increased. Increasing the sintering temperature,
and thus PO weight loss. would shift the swichiometry of PMN
toward the PMN-2% MN composition. and the transition tem-

would be expected to decresse.

(D) Excess MgO: The data presented in Tables [V and VI
show that the addition of excess MgO resulted in a significant
enhancement of the dielectric constant of PMN ceramics. This was
originally anributed to the elimination of the pyrochlore phase.
Subsequent analysis of the microstructures confirmed that the
increase in dielectric constant with excess MgO corresponded (o an
increase in grain size. Thus a grain-size dependence of the
dielectric constant. similar to that observed with sintering
temperature, seems 2 more probable explanation. However, two
impoctant questions remain to be answered: (1) How is the
excess MgO responsible for an increase of grain size? (2) Is the
excess MgO chemically incorporated into the perovskite grains, or
does it exist as isolated grains or in grain boundaries?

(E) Grain-Size Dependence: The most imporeant result of
this investigation was the apparent grain-size dependence of the
dielectric constant of PMN ceramics. This was evidenced by the
substantial incresse in dielectric constant observed with both sin-
tering temperature and excess MgO. [t must be stated. however.
that the true grain-size dependence cannot be resolved, due to the
difficuity in varying grain size without also changing the ceramic
in other ways: deasity, PbO weight loss, microcracking, etc. Any
devistion from the general trend of the dielectric data can be
antributed to this problem.

A grain-size dependence of the dielectric constant of lead zir-
conate titanate ceramics has been reported.'? It was shown that the
room-temperature diefectric constant increased and the dielectric
constant at the Curie temperature decreased with increasing grain
size. This can be attributed to the clamping of domain walls in
fine-grained PZT. This behavior can be contrasted to the grain-size
dependence of BaTiO,; ceramics. [nternal stresses generated at the
grain boundaries in BaTiO, ceramics cause the room-temperature
dielectric constant to increase and the dielectric constant at the
Curie temperature © decrease as the grain size decreases.’®

The apparent grain-size dependence of the dielectric constant of
PMN ceramics. as demonstrated by this investigation. was quite
different from that of the preceding cases. The increase in dielectric
constant with increasing grain size was observed in both the ferro-
electric and paraelectric cegions. suggesting that this is not a
domain or stress effect. Thus it is likely that the grain-size de-
pendence was actually caused by the intluence of grain-boundary
volume. [f a second phase of low permictivity (pyrochiore, excess
MgO. impurities. etc.) were t0 be distributed within the grain
boundaries. the observed grain-size dependence would be satis-
factorily explained. As the grain size increases. the number of
boundaries in series with the grains decreases. and the large permic-
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tivity of the PMN grains becomes less affected by the low-
permittivity grain boundaries. Therefore. the measured dielectric
constant of the ceramic increases. This hypothesis is supported by
indirect evidence obtained during the microstructural analysis.
Scanning electron microscopy observations of fractured surfaces
indicated primarily transgranular fracture, and polished and etched
surfaces tended to have a large number of grain pullouts: these
apparently weak grain boundaries suggest the presence of a differ-
ent phase located in the grain boundaries. Also. neither the pyro-
chlore nor excess MgO phases were located by SEM EDS analysis.
even though one or both phases were known to exist in all of the
samples. Thus it might he assumed that both phases. if present.
were located in the grain boundaries. However. the existence of
the two phases in the grain boundaries is not a necessary require-
ment for the grain boundaries to have such an impact on the
dielectric properties.

(F) Resistivity Measurements: Extrapolation of the resis-
tivity data. shown in_Fig. 3 and Table VIL. to room temperature

yielded resistivities on the order of 10° Q+cm. The exwemely

large values of resistivity and dielectric constant of PMN corre-
spond [0 enormous resistance-Capacitance time consiants of
=10"? 5 (10° yr). The PMN-5% MgO composition exhibited a sig-
nificantly lower resistivity and a slightly decreased activation
energy than the PMN-STD composition. However, the resistivities
of both the PMN-STD and PMN-5% MgO compositions displayed
no appreciable difference with sintering temperature. suggesting
that the resistivity of PMN ceramic is not grain-size-dependent.
The resistivity of the PMN-2% MgO composition decreased with
increased sintering temperature, possibly indicating a change in the
nature of incorporation of the excess MgO into the ceramics.

IV. Summary

The results of this investigation were: (1) A fabrication pro-
cess has been developed which allows for the fabrication of
pyrochlore-free lead magnesium niobate ceramics. (2) Increasing
the sintering temperature results in an increase in grain size and a
corresponding increase in dielectric constant. (3) Excess MgO
completely eliminates the pyrochlore phase. increases the grain
size, and results in an increase in dielectric constant. (4) The
increase in dielectric constant with grain size can be explained by
the influence of low-permittivity grain boundaries. (5) The re-
sistivities of lead magnesium niobate ceramics are quite large and
decrease with excess MgO but not with sintering temperature.

Acknowledgments: The authors thank P. Moses for help in the dielectric
w«s. A. Narthasilpa for diligence in sample preparations. and B. Jjones for
expertise.
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THE EFFECTS OF VARIOUS B-SITE MODIFICATIONS ON THE DIELECTRIC
AND ELECTROSTRICTIVE PROPERTIES OF LEAD MAGNESIUM NIOBATE
CERAMICS

D.J. VOSS, S.L. SWARTZ AND T.R. SHROUT
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract Sintering characteristics, dielectric properties,
and electrostrictive Q)12 coefficients are reported for four-
teen dopant cations incorporated in the perovskite A(B',B")03
structure of lead magnesium niobate [Pb(Mg1/3Nb/3)03]. Two
trends in the dielectric properties were found: the maximum
permittivity appears to be directly proportional to the transi-
tion temperature, and secondly, the percent change in capaci-
tance at 20 kV/cm is. proportionally larger for the higher
permittivity samples.

Two methods to estimate the frequency dependence of the
diffuseness of the phase transition showed good correlatiom
with each other, but revealed no general trend with ionic size
or valence of the modifier cations. Electrostrictive Q)2
coefficients were found to generally decrease with increasing
diffuseness of the phase transitions.

INTRODUCTION

Perovskite lead magnesium niobate [Pb(Mgl/3Nb2/3)03, hereafter
abbreviated PMN] is a well~known relaxor ferroelectric exhibiting
the characteristic frequency dispersion of the dielectric maximum,
i.e., the maximum permittivity increases and shifts to lower tempera-
tures as the frequency is decreased. This relaxation character has
been attributed to a statistical inhomogeneity in the distribution
of the Mg*2 and Nb*3 cations in the PMN structurel creating micro-
regions of varying transition temperatures (Tc).

A wide variety of properties have been measured in polycrystal-
line samples of PMN and numerous homotypes? revealing that the PMN
family are promising candidates for both dielectric and electro-
strictive strain applications3,4. Crystallographic studies of the
PIIN family have shown that ordering in the B sites of the perovskite
A(B',B")03 structure depends on the relative differences in the
sizes and valences of the B' and B" cations5. However, the magni-
tudes of other physical properties, particularly the dielectric
properties, have not been satisfactorily correlated to the ionic
size, valence, or other properties of the various cations.

For this reason, the purpose of this study was to introduce
various cations into the B site of the PMN structure in hopes of
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possibly correlating resultant dielectric properties with charac-
teristic properties of the cations. Upon analysis, these results
should be helpful in selecting PMN-based materials having optimum
properties for various dielectric and electrostrictive applications.
The properties examined included the sintering characteristics,
the frequency-related diffuseness, temperature and E-field depend-
ence of the permittivity, resistivity, and electrostrictive behavior.

EXPERIMENTAL PROCEDURE

A very successful method to fabricate polycrystalline samples
of perovskite PMN with minimal pyrochlore phase has been repotted5.
The first step is to prereact the refractory oxides Mg0 and Nb,0s
to form columbite MgNbyOg; this product is then reacted with PbO
to form perovskite Pbi3lMgNbo09 (PMN). This fabrication scheme was
employed for the following +2-valent cations used in this study:
Ni, Mg (pure PMN), Ca, Co, Zn, Iin and Cd. The columbite precursors
were prepared by ball milling reagent-grade oxides or carbonates
with optical grade Nby0s in ethanol for 12-24 hr, drying the
slurries, and reacting the powders in open Al703 crucibles at 800°-
1000°C for 2-8.5 h. X-ray diffraction confirmed the products were
single phase.

The following cations were also investigated and are grouped
according to valence: (+1) Li; (+3) Al, Cr, Fe, Sc, and T1; (+4)
Ge, Mn, Ti, Mo, W, Te, Sn, Hf, Zr and Ce; (+5) V and Ta; and (+6)
W. Of these, grecursors were prepared for the following five: Li+l
as LiNb03, Cr*3 as CrNbQ4, Fet3 as FeNbO;, Tit4 as PbTi03 and Tat5
as MgTa20¢.

Following precursor formation, appropriate amounts of the
oxides and/or precursors for the modifier cations were mixed and
reacted with Pb0 in a similar procedure as described above. The
substitution of all B-sifes was 3.3 molX [this corresponds to 90
molZ PMN + 10 molZ Pb(XI;3Nb§;3)O3] for the seven cations with +2
valency. All non-+2 cations were introduced on 10 mol%Z of all B
sites. Other dopant levels tried were Cd+2 at 5 molX and Znt2 at
10 mol%Z. The amount of substitution was limited to low levels to
minimize distortion of the perovskite structure yet produce detec-~
table changes in the macroscopic properties.

The calcinations were performed once at 800°C for 4 h, except
for A1*3, cr*3 and Mo*4 which were reacted at 700°C for 4 h. X-ray
analysis of the products showed that T1*3 and !ln** yielded less
than 502 perovskite phase by intensity ratios.

Pelletsa, 1.59 cm in diameter and 3-4 mm thick, were pressed
from the other twenty-four calcined products to which 3 wt% of a
polyvinyl alcohol binder was added. A Pb0 atmosphere was maintained
during sintering to minimize PbO loss. Surfaces were ground paral-
lel with 12 um Al203 powder and geometrical densities were calcu-
lated. Densgities less than 90% of theoretical were obtained for
all sintered Mot4-doped pellets. A polished surface of the
sintered pellets was x-rayed for phase analysis.
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Dielectric Measurements

The faces of those pellets with densities greater than 902 of
theoretical were electroded, first with sputtered Au and then with
ailr-dry Ag. The weak-field dielectric measurements were made from
100 to -75°C with a cooling zate of 3°/min. The measurement system
has been described elsewhere®.

For ferroelectrics with a diffused phase transition, the law
1/e «(T-Ty)2 has been shown to hold over a wide temperature range
instead of the normal Curie-Weiss law. Uchino et al. have shown
that when the local Curie temperature distribution is Gaussian, the

" diffuseness and/or broadness of the phase transition can be measured
by the diffuseness parameter 87. The temperature difference between
the Tc's measured at 0.1 and 100 KHz is a second estimation of the
frequency dependence of the diffuseness.

The broadness of the dielectric maximum can also be realized
from the temperature dependence of the dielectric permittivity.

For this, the magnitudes of the decreases in the permittivity 60°C
above and 15°C below the KHz T, were normalized with the maximum
value found at Tc. This particular temperature range was chosen
because it corresponds to the range of 10°C to 85°C being normalized
with room temperature, commonly used for capacitor materials.

The dielectric permittivity as a function of E~field was deter-
mined on samples being maintained at their respective 10 KHz T..
This temperature was arbitrarily chosen for comparison basis only.

. The permittivity was recorded with increasing and decreasing field;

the maximum field being 20 KV/cm. !

The electrical resistivity (p) was measured by applying 100
volts across selected samples being maintained at V100°C. Current
values were recorded 10 min. after application of the voltage.

Electrostrictive Measurements

The electrostrictive Q12 coefficients were indirectly measured
from induced piezoelectric resonance of the ceramic disks by the
application of dc fields of various strengths. The selected samples
were maintained in air at approximately 50°C above their respective
10 KHz T.'s, being far removed from possible nonlinear effects
commonly found near To. Details of this method are described by
Nomura et al.S8.

RESULTS AND DISCUSSION

Relatively broad, frequency-dependent permittivity-temperature
curves were obtained for all modifier cations. However, not all
cations were successfully incorporated into the PMN structure. This
was evident from an insignificant change in T, as compared to pure
PMN, and the presence of other phases, primarily pyrochlore, in the
x-ray analyses. These samples typically had low dielectric maximum
(<5000) which can be attributed to the low-permittivity second
phase(s). Interestingly, however, these compositions had low dis-
sipation factors, relatively high resistivities, and low temperature
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coefficients of dielectric constants which does not preclude their
use for possible dielectric application.

The dielectric behavior, resistivity, and other properties for
the samples in which the modifier cations were successfully incor-
porated into the structure are presented in Table 1. Most composi-
tions were found to densify (>90X theoretical) at sintering tempera-
tures as low as 1050°C with the compositions containing Cd+2, sn+4,
W6 and 10% Zn being densified at < 950°C.

Resistivities at 100°C were relatively high with the exceptions
of Fet3-, Co*2, and Mnt2-doped specimens. The low value for these
particular ions may be due to electronic conduction made possible
by multiple valence states.

The dielectric properties, particularly K, were found to be a
function of sintering conditions, particularly for the modifier
Tit4 in which K greatly increased with increasing sintering tempera-
ture. One possible explanation for such findings is a grain size
dependency as reported by Swartz et al.9. In the compositions
having cd*2, zn*4 and Co+2, Tc was found to decrease with increasing
sintering temperature. This suggests that less of the cation is
being incorporated into the PMN structure, further evidenced by an
increasing amount of pyrochlore phase at the high sintering tempera-
tures. .

A wide range of Tc's are found in Table 1 with the T, for wto
being the lowest near -55°C and the T, for Ti*4 being the highest

- near +50°C. Likewise, there is a correspondingly wide range of
maximum permittivities. Figure 1 shows good correlation between T¢
and the largest of the Kpgy values listed for each ion in Table 1.
There also appears to be a corresponding increase in the temperature
coefficients of the permittivity with increasing dielectric maximum.
A strong correlation of
Kmax with the percentage
. change in permittivity at a
" field strength of 20 KV/cm is
shown in Figure 2. This shows
. the difficulty in finding a
17 @t single phase material exhibit-
- =% ing a high K along with good
Jw ot field stability.
n. wl The main characteristic
I» w* of a relaxor ferroelectric is
the temperature breadth of the
dielectric maximum at differ~
] o 2 ] ent frequencies. Listed in
Corte Tameramre 1, (°C) ' Table 1 are the differences in
temperature at the 0.1 and
100 KHz T¢'s for the various
cations. Another measure of
the frequency dependence of
the diffuseness is the diffuse-
ness coefficient 8 which is
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Figure 1. Dielectric constant at
T. (1 KHz data for
fourteen compositions
in Table 1.
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Table 1. Properties of Doped PMN.
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also listed in Table 1. These two parameters show good correlation
with each other in that a wide T or large § indicate a wide
Gaussian distribution of T¢'s and thus lower temperature coeffi-
cients of the permittivity.

The values of 6 for the fourteen samples used in Figure 1 have
been plotted in Figure 3 as a function of the ionic radiil0 of the
modifier cations. iihen grouped according to common valences, there
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100 v appears to be only a slight
. oW increase in the magnitude
14 R .::"'m of § with increasing ionic
i . . :: radius.

s o L The single data points el
§ ® ook v w¢ ™™™ £or the cations with +5 and IR
s ol e e o +6 valency are insufficient —

’ noo to show any trends. However, . 4
I ol I o upon consideration of ionic
) size alone, no general trend
. - ) ) ) was observed.
0 SIC 10000 15000 20000 25000 The electrostriction .
Hletecirie Comtmat 4 T 110 W) Q12 coefficients are also P

reported in Table 1 with a ' I
Q12 value of -0.0050 m4/c2 S
for pure PMN. In general,

the larger the § coeffi-
were maintained at 10
KHz T.'s during measure- cient, the smaller the Qj2.

ment. REFERENCES =

Figure 2. Decrease in dielectric
constant at an E-field
of 20 KV/cm. Samples

R
1. V.A. Bokov and I.E. C

100 . wt Myl'nikova, Sov. Phys.

ol .. i m Solid State 3, 613-623 ]
sl {eu (1961). ‘
<0l o J O 2. Landolt Bornstein, Ferro-

i o | g electrics and Related E_
i ad ¢ o"hd o el Substances, New Series, o

ol e AN . Vol. 16 (1981). SO
iw. ey J 3. B.A. Malkov and Y.N. L. -_,:;
& ol | Venevtsev, Inorg. Mat. RN

13, 1189-1192 (1977). "< D
x 4. L.E. Cross, S.J. Jang, S
or o n',:" e :"n Lroone R.E. Newnham, S. Nomura , :
T ' ' and K. Uchino, Ferro-

Figure 3. Diffuseness coefficient electrics 23, 187-192 _ LT
§ as a function of ionic (1980). S
radius for 14 composi- 5. F. Galasso and J. Pyle, B
tions in Table 1. Inorg. Chem. 2, 482-484 LI

(1963). )

6. S.L. Swartz, T.R. Shrout, Mat. Res. Bull. 17, 1245-1250 (1982).

7. K. Uchino, S. Nomura, L.E. Cross, S.J. Jang and R.E. Newnham,
J. Appl. Phys. 51(2), 1142-1145 (1980).

8. S. Nomura, K. Tonooka, J. Kuwata, L.E. Cross and R.E. Newnham, oL
Proc. Second Meeting Ferroelectric Materials and Their 2
Applications (FMA2), Kyoto, Japan, 133-138 (1979). e

9. S. Swartz, T. Shrout, W. Schulze and L.E. Cross, (submitted for %

publication).

10. 0. Muller and R. Roy, The Major Ternary Structural Families, "‘f-i.":‘:
Springer-Verlag, New York (1974). .

a PR S - P WA S SR N i O a St - . Py B LI e ol ST P S S W Y Dt i i atnd




APPENDIX 7




DIRLECTRIC PROPERTIES IN THE Pb(Fe )0.-Pb(Ni
o 203 1/32/3)03

Thomas R. Shrout, Scott L. Swartz and Michael J. Haua

Materials Research Laboratory, The Pennsylvanis State University
University Park, PA 16802

Abstzact

Compositions in the (x)(Pb(Fey,oNby,7)03-(1-2)Pb(Nijy,3Nb, ,3)05 (PFN-PNN)
solid solution system were prepared and their dielectric properties
determined., Compositions with z) 0.6-0.8) were found to densify at siatering
temperatures less thamn 1000°C having pesk dielectric eonstuf.s. k>15,000, and
a relatively low temperature coefficient of capacitance change.

Additions of small amounts of Mn0O were found to greatly imcrease the
electrical resistivity and reduce the dielectric losses. Additions of wno,
were fouad to shifts the Curie temperature upward and to incresse the

dielectric const .nt..




Many of today’s multilayer ceramic capscitors employ costly precious
metal internal electrodes. In some high capacitance parts, the preciocus metal
can make up to 50 to 60% of the selling price of the capacitor. To reduce the
cost of such capacitors, less expensive electrodes such as Ag or high Ag-Pd
alloys are desired. Thus there has been an extensive seazch for dielectric
materials which can be fired at ta-po:atnfos less than 1000°C. Along with low
firing capability, such dielectrics should have & high dielectric constant
(k>5,000), low dielectric loss, low temperature dependence of capacitance,
good imsalation resistance., and good life performance.

This communication reports the preliminary results of studies on the
sintering and dielectric properties of compositions ia the Pb(Follzﬂbll;sbs-
!b(N11I3N52,3)03 and/or PbTiO03 binmary snd ternary systems fo:lpossiblo
capacitance applications. The sbove system was selected based on the low
fizing charscteristics of Pb(Fej 9Nby,5)03 (<900°C) and the relatively high

dielectric comstants exhidbited by all three end membess.

Expezimental Proceduze

It has'been reported (1-2) that the ABO; structure perovskites
Ph(F01/2Nb1/3)03 and Pb(Nt1/3Nb2/3)03 (hersafter designated PFN and PNN,
respectively) are difficult to fabricate as single phase ceramics due to the
sppeszance O0f 3 stable lead-niobate pyrochlore phase on calcination. Swartz
snd Shrout(3) and Voss et al. (4) reported that by first pre—rescting the B
site zefractory oxides of such Pb(Bi/zB"z)és_snd/or Pb(Bi,38i}3)03
perovskites to form the sppropriate columbite B'BJOg, or wolframite B'B’'0,,
compounds, and thea followed by reaction with PbO, the amouat of pyrochlore
phase is greatly :od;cod. In this investigation, the pre-reacted compouands or

PLecuUrsors wers volfganito. FeNbO,, and columbite, NiNb,0g4.




The precursors were prepared by ball milling the appropriate amounts of
reagent grade oxides Fe,03* or NiO® with optical grade Nby04%¢ in distilled
vater for 12 hours using zirconia milling media. The resultant slurry was
dried and placed in alumina crucibles whereby reaction was carried out at
1000°C for 4 hours.

These products were mixzed, as asbove, with reagent grade Pb0*®¢ (yellow)
and/or reagent grade PbTiO3—. The powders were then calcined at temperatures
from 750 to 800°C for 4 hours. The resultant calcined slug was then
sufficiently ground to pass a 60 mesh sieve using a mortar and pestal. Disks
1.59 cm in diameter and 3-4 mm in thickness were pressed in which s 3 wth
polyvinyl alcohol binder had been added. Following binder burnmout at 500°C,
the disks were fired in closed alumins orucibles at temperatures ranging from
850°C to 1000°C and st various times. No atmospheric source of PbO was
required.

Prior to electroding, the sintered disks were analyzed by I-ray
diffraction to iasure that little or no pyrochlore phase was presesnt. .

The siatered disks were then ground parsllel with 12 pm Al,03 powder and
geometrical densities were caloulated. Electrodes of sputtered on gold and
aizr-dry silver were applied. S

Dielectric measurements were carried out on an sutomated system wheredby a
Delta design model 2300 temperature conmtrol box™ , and Hewlett Packard Model
4274A LCR meter were controlled by a Hewlett Packard 9825A desktop computer

system . The dielectric constant (k) snd loss (tan 3) were messured

®Fischer Scientific Co., Pittsburgh, PA,
#6Teledyne Wah Chang, Albany, OR.
s*sHammond Co., Pittsburgh, PA.
=Alfs Products, Ianc., Danvers, MA.
“"Delta Design, San Diego, CA.
" Hewlett Packazd Co., 1-50-1 Yoyogi, Tokyo, Japan 151.
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psendocoatianuously at 0.1, 1, 10 and 100 KHz upon cooling from 150°C at s rate

of 3°C/mia.
The electrical gosistivity (p) was determined by applying 100 volts
8cross ulu_tod samples at room tempersture using a Hewlett Packard Nodel

41408 pico-smpmeter, with the current valume being recorded after 1 minute.

Besults and Discussion

Analysis of x~-ray diffraction patteras confirmed that ceramics in the
bigary system PFN-PNN were single phase since a complete solid solution was
formed for the whole range of binary compositions. The crystal system of the
vazious compositions was presumed to be cubic or pseudocubic as reported
elsevhere (5,6).

Figuze 1 shows the dielectric behavior as a fumction of to-porntuo‘. .fc;:
various compositions soross the PFN-PNN binary systea. It is evideant from
Figure 1 that PNN exhidits a frequency dispersion of the dielectric maximum,
i.0., the maximum dieleotric coamstaant increases and shifts to lower
temperatures as the frequency is decreased. Such co.-n:sitions azre referred to
&8s ‘relaxzor’ ferroelectrics. This relazor characteristic has been attributed
to a statistical ishomogeneity ia the disgt.ibution of the B-site cations
crestiag microregions of varying t:uul'tion temperatures (T, ). It is
interesting to note that compositions near to PFN showed virtually no
relazational charscter, but with increasing amounts of PNN, the dielectric
aaximums do'c:und and showed more and more frequency dispersion. Figure 2
shows the relationship between ‘l'c's. (at various frequencies) as a function of
the composition. The relationship was found not t6 be linear as one would
expect for a complete solid solution system. It can be clearly seen that if
the 'l'° for samples having compositions near PNN were measured at very low

frequencies, e.g., 0.1 Hz, then a linear relationship would probably exist.
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This nonlinear behavior of T,'s vas also reported by Yonezava et al. (8) for
the Pb002/3'1,3)63%(301/2&1,2)03 solid solution system.

Compositions high in PNN were also found to require higher sintering
temperatures than those near the PFN side. Compositions having greater than
60% PFN were .‘.ound‘ to sinter at temperatures lower than 1000°C. Along with
low firing capadbility, these compositions had large dielectric maxima as
mentioned above; however, compositions near PFN had progressively higher
dielectzic losses and lower rosistivition:

For the remainder of this investigation, the composition 0.6 PFN-0.4 PNN
(x=0.6), having a low !itii( capability, relatively high k and droad maxima
near room temperature sand relatively low loss was selected for further
optimization.

Firstly, ia order to improve the dielectric loss and resistivity, small
smounts of Na0 were added, as reported elsevhers (6). Since such additions
are typically small, e.g., 0.01 wt$h, th.o MO was added in the form of a water
solution containing MnSO,sH,0° and during the milliag.process.

The effect of the ManO additioms on resistivity for various ticing
conditions is presented in Figure 3. The resistivity was found to decrease
with increasing firing temperature. This 1s-$oiiovcd to be due to the partial
reduction of Fe*3 to Fe*? leading to the incressed electronm hole comductivity
commonly associated with Pb compounds (7). For bdoth firing conditions shows
in Figure 3, a very large increase in resistivity was fouand for asdditioas of
NoO as low as 0.005 wth with further improvements being realized with

increasing smounts of Nn0. Amounts greater than 0.05 wt% were yet to be

investigated, but have been reported to degrade the dielectric properties ia

similar systems (6). Figure 4 shows the effect of MnO additions on the

¢Alfs Products, Inc., Danvers, MA.
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dielectric loss as a fuaction of temperature. Clearly, it is shown that MaO
additions reduce dielectric loss, particularly the low frequency losses which
ui attributed to conduction processes. The MnO additions were also found to
aid is the sintering process, further reducing the firing temperataure.

Bffects of the firing comditions on the deasity, 1‘0. dielectric coastant
and loss for samples having the compositiom 0.6 PFN-0.4 PNN with MnO additions
sre presented in Table 1. Alsc in Table 1 are the temperaturs coefficients of
the dielesctric co.nstant at -30°C, 10°C, )uul 85°C with reference to the value
at 25°C. All the samples reported in Table 1 had resistivities greater than
1:1610 ohm—~cm. As evident from Table 1, the Tc was found to be slightly
dependent on the firing temperature, that is, ‘l" increased with increasing
firing temperature. No explanationm cam be given at this time. The dielectric
constant k and density were also found to inorease with firing temperature. A
similar behavior was observed with sintering time.

Upon SEN microstructural amalysis, it was found that the average graia

size and uvaniformity incressed with sintering temperature and time. An average
grsin size of 0.5 to 1.5 microns was observed forx .u-ylu fired st 900°C or
less for short durations (2 hrs), with the graim size iacressing to a mazimua
of about 4 microns for samples fired at 900°C -to 10 _hou:s and/or 1000°C for §
he. This iuhavior was also observed by Yonezaws et al. (5) in the
Pb(302/3'1/3)03-%(801,2Nb1/2)03 systen and by Swartz et al. (10) in
Pb(lu/sﬂbz/,)os. The latter attributing the graian size dependence of k on a
grain boundary volume phenomena in which a second ‘phuo of low k (pyrochlore,
incompletely reacted phasses, i.npﬁ:itiu. etc.) was distributed within the
grain boundaries. As the grain size incresses, the number of boundaries in
series with the grain decreases, and the large dielectric constant of the

grains would become less affeoted by a low dielectric constant graia boundary.
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Samples that bhad inocreased dieslectric constants also had imcreased
temperature coefficients (T.C.'s). The coefficients could also be modified
simply by varying the T, with additioas of PbTiO3 (PT). The dielectric
properties of 0.6 PFN-0.4 PNN with 0.04 PT samples fired at various times and
totpoutuoi are also reported in Table 1. These compositions were also found
to deansify at low tempeczatures and had grain size effects similar to that of
0.6 PFN-0.4 PNN. In genmeral the dielectric coanstants were found to be greater
than those without PT, with peak values greater than 20,000 being reported for
samples fired as low as iooo-c and as high as 30,000 for samples fired at
1150°C for 1 hour, but exhibited exceedingly large temperature coefficieants
(not presented ia Table 1). Fuxther, the T, and thus temperature coefficieats

could also be varied by simply varying the PFN~PNN ratijo.

Summazy

(1) The Pb(Fol,szilz)Os-Pb(Ni1/3sz/3)03 system appears to form a
complete solid solution series. However, the relationship between the Curie
temperature and composition was found. not to be linear due to the
ferroelectric relaxor behavior of compositions nou.PNN.

(2) Compositions high in PFN (20.6 mole %) were found to have low firing
capability (<1000°C), high diolocttic';consuntl. and relatively low
temperzature coefficieants of capacitance change, but high dielectric losses and
low electrical resistivities. The dielectric losses (tan 8) and resistivity
could however, be greatly improved by small additions of MnO, which also was
found to be s siatering aid.

(3) A grain size dependence on the dielectric constant was found, being

s fuaction of sintering time and temperature.

................
..............................................
......................................




(4) With PbLTiO; sdditions the transition temperature (T,) was shifted
higher with improved dielectric comstants being achieved. The full exteat of
PbTi03-PFN-PNN s01id solutions has yet to be investigated.

Future work will involve ways to increase the graia size, and to try
other sdditives to further reduce dieclectric loss and increase electrical
resistivity. Also, the compatibility of Ag and Ag~Pd electrodes for possible

- multilayer capscitor capability should be imvestigated.
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Figure 1.

Figure 2.

Fizure 3.

Figuze 4,

R T PPyt T ARG Sags st an

Fizure Captions

Teaperature depeadence of tie dielectric constant (100 XIz) ia the
(2)Pb(Feq /oNby ;5)03=(1=x)Pb(Nij ;3Mby /3)03 binary systea.

The Curie temperature as a function of frequeacy in thQ
(x)Pb(Fellsz1,2)03)-(l-x)Pb(N11,3b52,3)03 binary systen.

The effect of }nO additions on the electrical resistivity for the
composition 0.6 PFN-0.4 PN, ,

Tue effect of iin0 additions (wt%) on the dielectric loss (tan 3)
as a function of temperatcze for the couposition 0.5 PTi=-0.4 DITL

The samples were fired at 900°C for 2 lhours.
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A PHENOMENOLOGICAL GIBBS FUNCTION FOR BaTiO; GIVING CORRECT

B FIELD DEPENDENCE OF ALL FERROELECIRIC CHANGES

A.J. BELL

Depaztment of Ceramics, University of Leeds, Leeds LS2 9JT
Eaglaand

L.E. CROSS

Materiasls Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstxzact The elastic Gibdbs fumction for BaTiO3 introduced by
Buesson, Goswami and Cross® has been -odu:lo;l,! cluding
the last symmetsy permit ;d sixth ordor term Pz with
coefficient H = 4,91 x 10 C~3. The funotioa p:odicts
the correct high oloct:io fiold behavior of the low
temperature ferroelectric:ferroelectric phase changes ia the
single orystal and sunggests an interesting change of sign of
the pyroslectric effect at high field levels in the induced
tetragonal ferroelectric phase.

INARODUC T ION

The shift of Curie temperaturse (T,) under high electric dias
fields in simple propexr ferxroelectric eqstah has been used quite
frequeatly to charscterize the nature of the phase change at T
and to obtaia imformation ss to the sign, magaitade ans
temperature depeadence of higher order terms in the Landaun:
Ginzburg:Devonshire phenomenological theory.

In single crystal bsrium titsnste (BaTiOj3), Merz? observed s _

shift of Curie temperature

T,
(553 = 143 = 107 K/xV on”

where the subscript X indicates measursments at coastant and in
this case 2070 mechanical stress. This datum, and the
corresponding double hysteresis loops observed at high AC fields
ia BaTi03 are in good agreement with appropriate Devonshire
theory.

It should be possible to use the slectric field dependence of
the lower temperature ferroelectric:ferroelectric phase changes in
l.‘l‘lOs to refine a more complete three dimensional elasto-
dielectric free energy, however, in the passt, data on magro-
orystals has not extended to suffiociently large E field levels” to
provide s useful range to verify the ‘!:u energy function.

Very recently Fesenko and Popov' have used an optical method
to detezmine the E field dependence of the low temperature phase

.....................
......................
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changes ia 3.1‘103 orystals of less than 20 pm ickness. This
excellent dats extends to .fields wp to 650 XV om™* well above the
proviously recognized breskdowa streagth of dulk BaTiO3.

It is the purpose of tlhis paper to demonstrate that a
slightly extended versioa of the elastic Gibbs function used
previously by Buessem, Goswami asad Cross (BGC)* gives good
agreemeat between predicted and measured phase changes.

The basic reason for wishiag to extend and refine the BGC
functioa is to be able to ?}nhto the ianternal stress effects in
fine grain barium titanate”’" over the full ramge of ferrzoelectric
stability to compare with recepat measurements of grain size
effects in pure BaTiO3 ceramics’. This latter work is aow in
progress.

The Gibbs free enmergy of s perovskite type simple proper
ferroelectric uader zero mechanical stress (X,. = 0) with a non
2020 eleotrio field By spplied parallel to t“ X3 axis may be
expressed in terms of the polarization componeats Pi along the
axial dizectioas x; (1 =1,2,3) of the cubic paraelectric phase {a
the form

6, - 619 = 4G, = A(P}+p3P}) + B(P{spd+rd)
+ cpf+p§+2$) + p(pir}+rir}+plrd)
+ alurpeirialeiwtelrisd
+ 8(p3p3r}) - E4P,

where 610 is the enmergy of the uapolsrized undeformed orystsl. It
is the energy differenmce AG; which is of iaterest and which
detezmines the ferroelectric stability. -

The expression is complete in all symmetry permitted terms up
to the 6th order, bdut B is comsidered oanly in ‘tho special
dizection of ose of the cube axzes. In Devonshire®, oaly A is
temperature dependent, dbut in BGC doth B snd C are 2lso linear
functions of temperature.

The polarization conditions (in the absence of an external
field) which ocosr at different temperatuzes in the four stable
ferroslectric phases ia n.no, are:

Py =Py =Py =0 paraelectric cubioc ad3m (a)
P% #0P, =P; =0 tetragonal 4am (v)
P} =P} 0 P; =0 orthorhombic mm2 (o)
P% = P% = P% 0 rhombohedral 3m (4)

If the coefficients A to H and their temperature dependencies are
kzowa, the function can be used to derive all the dielectrio
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propezties of the single domain states and their ranges of
stability ia each phase.
For each phase region, the first derivative of AG,

aa0,
(D_P:-)x - B,

gives the field componeats E, (taken to be zero). These equations
can thea be solved to yield the spontameocus values of P,.
a The second derivatives of “i

aa0, 28, .
(oriorj’x - 3?;" = X4y

yield the dielectric stiffness xij again at constant aad zero
stress.

To determine the modifications to the Pi’ X and phase
stability due to high moa zero valmes of B3, it t‘ simple to
substitute back iato the original equations new values of P of
the fora

Ps 'P'*Aps

From the first derivative equations, values of correspondiag
to suitably chosen AP, increments can be fouand. ese aev values
of P3 and 33 may then bde substituted back into the squations for
4@y and for the X;; to determine 'the modificatioans to the phase
stability aand to élj. dielectric stiffness in each phass.

The values of the free energy coefficients A through G were
taken from BGC. The coefficient i was chosen 80 as to give a
rhombokedral:orthorhombic tramsition temperature of 202 K (-71°C)
ia close agreement with receat crystallographic determination.
The full set of values is given in Table 1.

The spontaneous electric polarizations were determined by
solution of the first derivative equations with 33 = 0, Values of
AP were then chosen and substituted back to derive the non zero
B,. 'l}o AP range was chosen to given E3 values from 0 to 600
k; em™" ia the temperature range from 50 to 300 K. New P3 values
were then used to calculate the AG, and Xjqy values aad to
determine the cross over between stable solutioni. SRS

Pigure 1 shows the T vs 33 phase diasgram for 83'1‘103 derived T
ia this manaer. The measured transition values taken from the _—
ozperiments of Fesenko and Popov are superposed for comparison. SO
The trends of the two sets of values are in very g39d agreement. s
If we vere to ohose s modified value of H in the thermodynamic
parameters the zero field rhombohedral:orthorhombic traasition
could be raised and the experimental and model values would agree
precisely. 8Since, however, we wish later to model stress effects
in high purity BaTiO; ceramiocs, it appeared advisable to fix on
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values which reproduce the best data for low field dielectric and
erystallographic determination of the zero field tramsition. In
the orthorhombic:tetragonal phase change, the model predicts a
smoothly mon linear behavior without the abrupt terminatioa of a
shift observed above 450 kV om™* in the experimental dats. Ve are
tempted to believe that this srrest obsesved may be an artifact of
the very difficult experimental conditions and that the model
predicts a more rational respoase.

The predictioas from the model fumction for dielectric
permittivities s34 and 854, snd for the polarization P3 are given
s in Figure 2, The value of &5 in the induced totngoui phase can

be seen to imcrease mazkedly with incressing field., Presumably
the energy minimum for the 001 direction of P decresses faster
than that for the 011 mizimum, thus the saddle point betweea thea
is lovered and the slope at the minimum will be decreased. That
¢33 is lovered as the minimum in the 100 direction is lowered is
not at all surprising.

A result which is much more unexzpected is the change of slope
in the P vs T curve. Clearly this means that for fields adbove 200
kV om™", the pyroelectric coefficient (p(T) = dP_ /dT) will be of
opposite sign to that with E; = 0,

This tread suggests that due to the shape of ¢3 Vs T, AP
inoresses faster with temperature than P, decays. Experimeats are
now being planned to test this prediction.

The introduction of a suitable sixth order term

) wiried

into the modified Devonshire function of BGC permits s
phenomenoclogical desoription of the electric field dependence of
the low temperature ferroelectric:ferroelectric phase ochanges in
BaTiO; and a T vs B phase diagram in good agreement vwith
expecimesnt. :

Aa unexpected prediction from the model is that the
pyroelectric coefficieat p(T) should change sign st high fields im
the indwced tetragonal phase.

1. V.R. Buessem, L.B. Cross and AX. Goswvami, I, Amezr, Ceram.
80g, 49(1):33 (1966).

2., V.J. Mers, Phvs. Rav, 91, 3513 (1953).

3. B.J. Buibregtse and D.R. Young, Phys. Rev, 103, 1705 (1956).

4. O0.B. Pesenko snd V.S. Popov, Fezroelectrics 37, 729 (1981).

- 5. V.R. Buessenm, L.E. Cross snd AK., Goswami, I, _Amez. Cezam,

Scg. 49(1):36 (1966).

6. R.C. Pohanka, S.V. Freiman and B.A. Bender, I, Anez. Cozam.
800, 61, 72 (197%).

7. K. Kinoshits and A, Yamsjs, I, Appl. Phvs, 47, 371 (1976).

8. A.F. Devonshire, Adv. iz Phvs. 3, 85 (1954).




Table 1. Values of constants used in the modified Devonshire
Free Energy Function.

A-w 3.34 2 10° (7 - 108) vac™!

B = 4.69 x 10° (2 - 120) - 2.02 x 10° w ¢

C = <5.52 x 107 (® - 120) + 2.76 x 10° Y ¢~

D = 3.23 x 10° w ¢~ ‘ .
. G = 4447 x 20° w ¢~

E = 4.91 x 10° w ¢~5

T is expressed in °C.
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The temperature-electric field phase diagram for BaTi

the calculated and measured boundaries of the
zhombchedral (R), orthorhombic (0) and tetragonal (T)
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Calculated values of the dielectric permittivities
1) &
(i1) & 13
(1ii) the electric polarization P3 = Ps + QP

1 1
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THE EFFECT OF GRAIN SIiz ON THE PERMITTIVITY OF BaTiO3

A.J. BELL and A.J. MOULSON
Department of Ceramics, University of Leeds, Leeds, U.K.

and L.E. CRGSS
Materials Rasearch Laboratory, The Pennsylvania State
University, University Park, Pz. 16802, U.S.A.

Abstract Grain size effects in polycrystalline BaT103 are
reviewed in terms of the "internal stress model"™. By ~“con-
sidering polarization dependent terms in the Pevonshire free
energy expression, the dielectric constant may bBe calculated
for the wholie ferroclectric tamperature regicn, under various
stress systems. Encouraging comparisons with measured values
may be made.

INTRODUCTION )

Coarse grained BaTi03 (grain size > SO um) generally has a rocm
temperature dielectric constant of approximately 2000, which may
be considered to be some average of the single crystal constants,
Eij(i)’ Several authors have noted that the dislectric constant
increases markedly with decreasing grain size, attaining a value
of 6000 for bodies of grain sizes of ! um or less'2™4},
Kincsnita and Yamaji(S) have shown Figure 1) that above the ferro-
electric transition temperature, Tc, grain 3ize has no observable
effect on the dielectric constant, although Tc decreasas by aporox-
imately 2°C in fine grained material. In addition the tetragoral/
orthorhomtic and the orthorhombic/rhombohedral tranzition temp-
eratures are 10°C nighear.

Based on observations (recently caorrctorated with Dy-doped
materiallé)) that fine grained Ba‘!'io3 contains very few 33° twins,
compared to coavrse grained material, Suessem et al.{7) have
propcsed an internal strass mocel to evni:in the Jdielectric measure-
ments., The stresses caused by the d2fuvrmation from cubics symretry

on passing throush tne ferpcelectric transition are relieved hy

.......
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'Figure 2 shows € for zero stress and for a phase dependent K,
(K(potp.) = 0:052) K(o i) = 0.082, Kooy = 0.205). &36000,
and the lower phase transition temperatures have increased by 10°C,
similar to 1 um grain size material‘s). Howéver the large decrease
in the ferrocelectric transition temperature and the accompanying
increase in E.max predicted by the model but not seen experimentally,
may infer that the stress system does not develop until several
degrees below the transition, so that the onset of tetragonality
is not suppressed; or that there is a polarisation-free stress
system'acting-above Tc’ increasing the eneréy of the cubic phase.

' ’ i
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Consider the model of a single crystallite of BaTiO3 con~-
Strained by an isotropic medium having the bulk properties of poly-
crystalline BaTiOa. It is evident from the electrostriction

relations,

%57 Cuata " GigalkPl %iy  SiaXa * Osafefy -9
that the stresses on the constrained grain are a function of polar-
isation, where xij are the strains, cijkl' sijkl the elastic co~
efficients, and gijkl’ Qijkl are the electrostriction ccefficients
(full notation). It may be possible to evaluate xij and hence xij
by a full analysis of the model; however it is convenient to assume

a proportional relationship

e e R . W Ay - Ay | A ) : -, °
where K is some constant. Substitution into équation 1 reduces the
4 20 2
Stress dependent terms to two terms in Pi and Pi PJ (1£§)° Thus

“the dielectric constant may be evaluated with K as the only in-
dependent variable.

'RESULTS AND DISCUSSION

For convenient comparison with measured values, the polycrystalline
dielectric constant, &, is taken as the arithmetic mean of the
single crystal values;

€ = (&, +522;e33)/3.

(7

The free energy coefficients were taken from the literatuge 5 '
except the coefficient H, for which the value of 6.65 x 109 Vm'C

wa3 derived.
For K independent of phase the value of & in the tetragunal and

ortherhombic phases increases with increasing K. However, the
tetragonal/orthorhombic and orthorhombic/rhombohedral phase Lrans- .
ition temperatures also increase dramatically. £ = 6000 is not ---'53.4‘_'-}

attained at room temperature as the material beccmes orthorhembic.




twinning in coarse grained material; however, if twinning does not
occur each grain must be subjected to a stress system opposing that
deformation. By including stéess terms in the free energy express-
ion for BaTiOB, and using Devonshire thermodynamic methods, it was
shown that a compressive stress along the ¢ axis and equal tensile
stresses along the a axes of 80 MPa produces a dielectric¢ constant
of 6000 at 25°C. .

' THEORY
The free energy of a ferroelectric in terms of stress, xij’ and
polarisation, Pi' may be given as:

2. 2. 2 :
G, = Gy 11 *Kop *Xaq ) =85 (X XogtX oK 3w KaaX - 28y,

2 2 2 P4 :
(X12 +X23 +X31 ) +(Q”X”¢012(X22+X33))P1 +(91]X22+012(X11+X33))
; 2

2 2 :
Po 200, K905 (X, 1 #Xp0 1P, 240, , (X P PyoX, PP ey PP ) ealP 2 o
22+P32)+B(P1“+P2“+934)+C(P16¢9260936)+D(P12P22+922P32+P32P12)
4.2 . 2.6 . b2 2.4 4 2 2

. 25 4 2, 2
' -rG(P1 PZ ¢P1 P2 ¢P2 P3 va P3 P‘ #Pa P, Y+t P1 P2 P3 ees ()

z -is”(x

)P
P

4»?3

where sij are the elastic compliances, Qij are the electrostriction
strain coefficients (reduced notatim) and 4,B,C,D,C,H are the free
energy coefficients. The expressions for electric fisld and di-
electric susceptibility are
g - 81
?F;
2

_ 9%,

13 7 DPRPy T8

- 0 Ve (2)
and

K ceodd)

By applying the symmetry conditions for polarisation in each phase, {3.;-1
with each component, Pi’ equal to zero cr + Ps, equation 2 may be s
solved for Psa at any temperature, Substitution of each salution '

which satisfies 7‘1; > 0 inte equation 1 allcws the minimum free
energy state and the dielectric constants 6 be evaluated.
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ABSTRACT

Porosity in monolithic capacitors is known to be an
electronically deleterious microstructural defect. However,
the relation between the size, number, shape and location
of these defects and the consequent dielectric properties
of the monolith are not well understood from either a
quantitative or fundamental perspective. To enable detailed
investigations of these effects, a process has been
developed for the fabrication of barium titanate multilayer
ceramic capacitors with defects of known geometries,
position and number.

The fabrication process involves placing either planar
or spherical polymeric pore precursors at either
intraceramic or at the ceramic-internal electrode interface
during the lamination process. Details of the process,
including binder, solvents, drying and firing conditions
are presented. Scanning electron microscopy (SEM) is used
to demonstrate the reliability of the process. Electrical

property measurements indicate that increased degradation
’ of the dielectric material occurs with increasing porosity
and average pore size. Macrodefect location within the
multilayer ceramic capacitor structure also determines the
magnitude of the deleterious effect on the dielectric
properties. When macrodefects are introduced solely on the
same plane as the internal electrode the dielectric

constant is greater than what is observed in a multilayer




iv

ceramic capacitor with the same concentration of
macrodefects which have been introduced only within the
dielectric layers. These property effects are presented to
pernit ajmore detailed understanding into property effects

due to processing relaced-porosicy.
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PREPARATION AND ELECTRICAL PROPERTIES OF THIN FILMS OF
ANTIMONY SULPHUR IODIDE (SbSI)

P.K. GHOSH, A.S. BHALLA AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract The c-axis oriented thin films of SbSI are pre-
pared by the recrystallization of the amorphous SbSI films.
The recrystallized films show the pyroelectric properties
and have a dielectric capacitance between 0.2-0.5 uF/cm?
and the tan § <1%.

INTRODUCTION

SbSI is ome of the most important members of the large family
of AVBVICVII ferrocelectric compoundsl-4, 1In the ferroelectric phase
below 22°C it belongs to an orthorhombic point group mm2, and has
very large structural and growth anisotropy along the polar c~axis.
In the case of single crystal, the growth rate along c-axis is
about 50 times faster than that of along a or b-axis. SbSI has
very interesting piezoelectric and pyroelectric properties. It also
has a large anisotropy in the dielectric properties and the dielec-
tric constant along the c-axis is “6x104 at the Tc. These interest-
ing properties along with its growth anisotropic characteristics
make SbSI an attractive candidate material for the study of c-axis
oriented thin films. In the past, some attempts have been made to
produce thin films of SbSI by the chemical vapor deposition and
thermal evaporation of SbSI with the purpose of studying the switch-
ing behavior and the memory effect in the semiconductor-dielectric
thin film junction5‘8.

In this paper we report the preparation of single crystal thin
films of SbSI and their pyroelectric and dielectric properties.

EXPERIMENTAL AND RESULTS

Thin films of SbSI were prepared by the vacuum thermal evapora-
tion of SbSI single crystals. SbSI single crystals used as the
source material were gorwn by the Bridgman method. Evaporation was
conducted through resistance heating of a tungsten filament in a
vacuum of about 10=5 torr. Evaporation was done well below the
decomposition temperature of SbSI in order to deposit a stoichio-
metric £ilm.

SbSI films were deposited on a variety of substrates, such as,
(a) Plain glass slides, (b) Au-coated glass slides, (c) SnO3(F)
coated glass slides, (d) Silicon wafers.
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In most of the experiments, the substrate was keét at room
temperature. During the evaporation process, the substrate tempera-
ture increased to about 80°C depending on the evaporation conditions
(e.g. source temperature, gource to substrate distance, etc.).

Films thus prepared were continuous, free of cracks and pin-
holes. X-ray diffraction studies showed a poor crystalline nature
of the SbSI films.

Successive annealing was done to enhance the single crystal
growth in the films. The samples were annealed in closed containers
in a globar furnace. Several trial runs showed that the tempera-
ture range between 100°C - 200°C was suitable for the recrystalliza-
of the films.

Two different atmospheric conditions were used for annealing,
(a) Atmospheric conditions in a closed container, and (b) Iodine
atmosphere.

The crystallized films were predominantly oriented along the
polar c-axis as indicated by the x-ray diffraction studies (Figure
1).

The relative intensity of 002 x-ray diffraction peak was taken
as the measure of the degree of preferred orientation of the c-axis
in the SbSI f1ilm. The optical microscopic studies revealed no flaws
such as cracks and pinholes in these films. SEM studies showed the

microstructure of the films
F (Figure 2). There were needle-
’ shaped crystallites of V0.2 y
ﬂfz (002) diameter size throughout the
R film and those were oriented
4 along the length of the needles
From the typical growth behavior
of SbSI crystals, x-rays and SE
studies, it was concluded that

- fw} STt

| 1 A 2 J

40 42 44 48 48 8o
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these needles were oriented parallel to the c-axis of SbSI. The
different parts of the film did show some relative misorientation
in the film. X~ray diffraction studies also indicated the presence
of Sb283 in some of the films. Such films gave a strong (002)
diffraction peak (20 ~ 47°) corresponding to the c-axis oriented
Sb283 needles..

\ The rccrystallization behavior of SbSI films deposited on the
various substrates used in the studies was almost identical. The
films deposited on the gold or Sn02 coated substrates were used for
the electrical measurements. Au electrodes were deposited on such

films. RN

SbSI films were poled with a field of 1 KV/cm while cooling s
down through the phase transition. Pyroelectric response of these —
films was measured by the Byre Roundy technique. Figure 3 shows é’z,ai
the temperature dependence of the pyroelectric current of recrystal- N

lized SbSI single crystal film on Sn0O2 substrate. Pyroelectric
current peaks up near 10°C, corresponding to the T¢ in the SbSI
film. The pyroelectric peak near the transition is rather broad.
It could be due to the compositional variation in the SbSI crystal-
lites. Although the effect of stresses in the film could also pro-
duce such shift in the T. towards lower temperature. The dielectric
measurements were made on several SbSI films deposited on Au or Sn0p
coated glass slides. A computer controlled HP 4274A multifrequency
LCR meter was used for the measurements. The measurements were
made at frequencies 1 KHz to 100 KHz with the 50 V/cm a.c. field.
Figure 4 shows the temperature dependence of the dielectric comstant.
K vs T peak showed the Tc v 10°C, lower than the T. observed in the
single crystal of SbSI. Also there was a substantial broadening in
the dielectric maxima. The dielectric loss in the film was A1Z over
the measured temperature range (Figure 3).
The broadening in the dielectric peak could be due to the
lower packing density of the crystallites and the inhomogeneity in
the chemical composition of the SbSI needles. It is also known that
the shear stresses in SbSI single .
crystal shifts the T, towards
lower temperatures and since the 2 SbSI
heteroepitaxy films generally or FILM
have the built in stresses, it ! !
does support the lower T,
observed in SbSI films. The low
packing density, shear stresses
and the crystalline misorienta-
tions may also be responsible
for the lower dielectric constant 0 .
of the SbSI film. Since the SbSI Y T
films are prepared on the amor- =40 =20 0 20 .40
TEMPERATURE (°C)
phous substrates, the orienta-~ RATE
tion and composition of the Sn0, COATED GLASS SUBST

interfacial layer may also be

———T -

CURRENT (pA)
[,
=

Figure 3.




P.K. GHOSH, A.S. BHALLA, L.E. CROSS

Sn0Q

TEMP (deg C?

COATED GLASS

Au

TEMP (deg O)
COATED GLASS

playing an important role in
influencing the dielectric pro-
perties of the films. There is a

‘possibility of series connections

of the SbSI needles in the film
especially near the interface

area. Detailed studies are in
progress to investigate the effects

‘of the interface layer on the

dielectric constants of SbSI films.
The capacitance of the SbSI films
prepared was in the range "\0).2-
0.5 uF/cm? and with a typical

loss factor of 1X%.

SUMMARY

1) SbSI films with a high
degree of preferred orientation
parallel to the c-axis are pre-
pared on the amorphous and poly-
crystalline substrates by the
thermal evaporation of SbSI and
subsequently annealing the films
between 100-200°C.

2) The recrystallized films
could be poled and showed a pyro-
electric response.

3) The well oriented films
have the capacitance between 0.2~
0.5 uF/cm2 and the typical dielec-
tric loss tangent <1Z%.

Figure 4.
. 008
§ SbSI
8 FILM ! KHz
a : 10 KHz
Q
- 100 KHz
.00
-5 0 0

TEMPERATURE (°C)
Au COATED GLASS SUBSTRATE

Figure 5.
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QUASI-STATIC CAPACITANCE AND ULTRA SLOW RELAXATION OF LINEAR
AND NCN-LINEAR DiELECTRIC>

ZHANG LIANGYIXG, YAO XI, H.A. MCKINSTRY AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State Univer-
sity, Universicy Park, PA 16802

Abstract The time dependence of quasi-static capacitance of
linear and non-linear materials can be measured using a con-
stant voltage ramp method. The measured data are consistent
with & theoretical equation derived from a superposition
theorem. The capacitance of fast polarization, saturated
polarization and the time constant of the relaxation process
can be obtained using a non-linear least squares method. Ultra
slow relaxation for linear dielectrics and ferroelectrics are
reported.

INTRODUCTION

Recencly, the interest in quasi-static capacitance and ultra
slow relaxation of linear and non-linear dielectrics has been
increasing rapidly. Some important structural information includ-
ing the macro-inhomogeneity of dielectrics and the ultra slow relax-
ation of ferroelectrics domain can be obtained from the time depend-
ence of the quasi-static capacitance. In this new technique, the
capacitance-time dependence of the sample is measured directly.

The time constant of ultra slow relaxation of the material can be
calculated and the ultra low frequency dielectric response of the
material can be obtained using a simple Debye relaxation formula.
This technique as well as the ultra low frequency dielectric measure-
mentl and the DC transient measurement? are very useful techniques

in studying the ultra slow dielectric response of the materials.

MEASURING SYSTEM AND RESULTS

Figure 1 is a schematic diagram of the measuring system. The
sample under study is connected to a ramp voltage source through a
high sensitivity picoammeter. Samples are held at the starting volt-
age for a time period long enough to saturate the dielectric at
that voltage. Then the applied voltage starts to ramp down or up
toward the finishing voltage. The voltage ramp is divided into
many steps. The total current passing through the sample is taken
at each step voltage. An integrating-averaging technique has been
used to minimize the noise in the measurement of low currents. The
measurement is under computer control.
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. Figure 1. Schematic diagram of the constant voltage ramp

method (a) voltage ramp from +V, (b) voltage
ramp from -V.

At any instant of time, the current measured in a high sensi-
tivity picoammeter IT is the sum of a conduction current I. = V/Ry
and a dielectric displacement current Ip = dQ/dt. The Ry is an
instantaneous resistance at the voltage level V and the Q is the
charge stored in the capacitor. The quasi-static capacitance C
is defined as

C= ID/(dV/dt) : ¢))

In order to get an accurate measurement of the quasi-static
capacitance, the separation of the displacement current from the
conduction current is very important for the samples with low
resistance measured at low voltage ramp rates. From the schematic
diagram of the measurement circuits, Figure 1, it is clearly shown
that the displacement current and the conduction current are
always opposite in sign in spite of the voltage ramping up from a
negative starting voltage or ramping down from a positive starting
voltage. Therefore, a compensation point is expected, at which
the displacement current and the conduction current are equal in
magnitude but opposite in sign. Hence, the pseudo capacitance
measured as the total current divided by the ramp rate at the com=-
pensation point is zero. Figure 2(a) is an example taken for a
mica capacitor. The capacitance with respect to the applied vol-
tage measured as the total current divided by the ramp rate is, in
this case, clearly dominated by conduction. The compensation point
moved toward higher voltage when the ramp rate was increased. For
samples with high resistance or measured at a high ramp rate, the
influence of the conduction current can be small. Figure 2(b) is
an example taken for a polystyrene capacitor. The capacitance
measured at different voltages does not change.

To separate the displacement current from the total measured
current, the zero-crossing method has been used. Clearly, at any
time when V = 0, the conduction component of current I, must go
to zero. Thus, by starting the voltage ramp from a fixed positive
or negative voltage and by ramping at a fixed rate to zero voltage
and measuring the instantaneous current exactly at zero crossing,
the conduction may be eliminated, and the pure displacement current
and quasi-static capacitance explored. Therefore only the
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4
YOLTAGE (V) voLTasg (D
(o) )

Figure 2. Relationship between the capacitanée and applied
voltage of the mica capacitor (a) and polystyrene
capacitor (b).

capacitances on the zero voltage axis in Figure 2(a) and 2(b) are
real quasi-static capacitances of the samples.

The time dependence of quasi-static capacitance can be obtained
from the superposition theorem. For a linear dielectric, the
electrical displacement D(t) is given by

D(t) = €E(t) + [; E(t') £(t-t') dt’ (2)

. where E(t) is a function of the time that the electric field is
applied, f£(t) is a decay function of the dielectric polarization.
For a constant voltage ramp and simple relaxation process, the time
dependence of quasi-static capacitance can be obtained from equation
(2)

C(E) = C o+ (CCHU-T+Te )

: 3

where C_ 1s the capacitance of the fast polarization, C_ is the
capacitance response to the total polarization, T is thé time con-
stant of the relaxation process.

There are two alternative ways to measure the time dependence
of the quasi-static capacitance - fixing the starting voltage and
measuring the quasi-static capacitance at different ramp rates, or
fixing the ramp rate and measuring the capacitance from different

. starting voltages. For a linear dielectric, the results of the two
methods are identical. Figures 3(a) and 3(b) show the time depend- e
ence of the quasi-static capacitance of a mica capacitor and a L.
ceramic capacitor. The slow relaxations explored in these capaci- Jl——:<
tors are probably of the Maxwell-Wagner type originating from the SN
inhomogeneity of the dielectric and the build-up of space charge S
within the dielectric. 1In contrast, the capacitance of polystyrene e
has almost no change up to 2000 sec. -

.
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Figure 3. Time dependence of the quasi-static capacitance
of a wmica capacitor (a) and ceramic capacitor (b).
The solid line is the calculated curve from equa-
tion (3) fitted by computer.

The experimental data of the time dependence of the quasi-~
static capacitance can be fitted to the theoretical (3) using the
least squares method. The important parameters of dielectric,
relaxation - C_, Cg, T - can be obtained. The calculated fitting
curves based on equation (3) are also plotted on the figures.

QUASI-STATIC CAPACITANCE OF FERROELECTRICS

It is expecred that the time dependence of the quasi-static
capacitance can be related to the very slow processes of the domain
contribution to the total polarization. lMeasurements on some ferro-
electrics have also been made. Figure 4(a) is the time dependence
of the capacitance of a commercial soft PZT sample. For the poled
sample, no significant change of capacitance can be observed, while
for the depoled sample, a clear time dependence of capacitance is
evident. The difference of the capacitance Cg-C_ obtained from the
computer fitting calculation is a measure of the very slow domain
contributions to the total polarization. The time constant T can
be related to the response of the domain adjustment process to the
electric field applied. For the lead lanthanum zirconate titanate
(PLZT) with composition 8:65:35, where 8 is the substitution ratio
of lanthanum to lead, and 65:35 is the atom ratio of zirconium to
titanium, the same result as the soft P2T is shown in Figure 4(b).

SUMMARY

The time dependence of the quasi-static capacitance can be
measured using the constant voltage ramp method. The measured .
data of the time dependence of capacitances are consistent with e
the theoretical equation derived from the superposition theorem. -
The capacitance of fast polarization C,» the capacitance of the
saturated capacitance Cg, and the time constant can be obtained




[ 4

N
osadossalosss

CAPACITANCE (PF)

S ctnte e

' ' G800 1000 1800
e (SEC) T (8EC)

(e) (1))

Figure 4. Time dependence of quasi-static capacitance of a
soft PZT (a) and PLZT (b). For the depoled sample
of soft PZT, C_ = 200.6 PF, Cg = 266.8 PF, T =
524.1 S. For the depoled sample of PLZT, C_ =
338.7 PF, Cg = 405.6 PF, T = 356.0 S.

using a non~linear least square method to fit the experimental
data to the theoretical equation. The method can be used to study
the ultra slow relaxation in dielectrics and the very slow domain
process of ferroelectrics.
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PYROERLECTRIC PROPERTIES OF THE MODIFIED TRIGLYCINE SULPHATE
(1GS) SINGLE CRYSTALS

A.S. BHALLA, C.8. FANG, L.E. CROSS AND YAO XI
Materials Reseazch Laboratory, The Peansylvania State
University, University Pazk, PA 16802

Lb_ﬁ;u_;-&onnl doping substitutioas (Li*, Ma‘2, p*, p+§,
AsT7) ia the TGS structure have been studied and the
pyroelectric and dielectric properties measured. In the case
of TGS single crystals modified by partial substitution of
(P04)"3 and (A304)73 gromps for the (8S04)73. higher
pyroelectzic eoo’uchnts and sa enhancement of the
pyzoelectric material figure of merxit (p/K) > 2 x TGS have been
obsecved. A

Single corystal triglyoine sulfate (TGS) is s widely used
material in the pyroelectric devices. It shows the most attractive
pyzoelectric properties and has the basic pyroelectric material
figuze of merit p/K =~ 1.1210-5 C/m3K (p 1is the pyroelectriec
coefficient and K is the dielectric comstant of the ecrystal).
Single crystals of modified compositions of TGS such as DIGS, TGFB,
DTGFB, TGSe and solid solutions among these variocus family members
have showa even more promising pyroelectric propertiesl=? (e.g., the

* figure of merit for DIGFB ~ 1.5:TGS).

Recently we have tried varioss iomic (Li*, Ma*2, D*) aad
radical group (POZ’. As033) substitutions in the TGS structured-9,
Doped siagle crystals of TGS acre grown from the saturated solutioms
of TGS modified with specific conocentrations of the zespective
dopants (Fig. 1). Ia this paper, we report the results of
pyroelectric meassurements Li* and Ma*2 doped snd phosphate aad
arsenste ssbstituted TGS single crystals.

Siagle orystsls of TG(SP) and TG(SAs) were growa by slow
cooling of the saturated sclutions? with compositions

3 (NH2CHCOO0H) » (1-x) H7804°xH3PO4
and 3 (NH,CH,COOR) * (1-2) ;3042834504

(# a fow % alanine) respectively. (010) plates of 0.5 mm thick were
prepared and costed on both sides with gold electrodes.
Pyzoelectric and dielectzric properties in the temperature range
betweea ~30°C to 70°C were measured by using the computer controlled
set-up. The pyroelectzic coefficients were measured by the Byer—
Rosady TechniquelO,

Figuzes 2 and 3 show the results of the pyroelectric aad
dielectzic measurements on the ATG(SP) and ATG(SAs) single crystals.
The computed values of the spoantaneous polarization (Ps) and the
figare of mezit (p/K) at various temperatures are also showa ia
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Figures 2 and 3. The p, Ps and p/K values are larger by s factor of
2 than those of pure TGS. :

Pyzoelectric prcperties of some importaat simgle crystal
materials of the IGS family along with ATG(SP), ATG(SAs), LTGS and
MTGS (Li* aad Mat*2 doped TGS respectively) acze listed in Table 1.
Clearly the (104)" aad (L.o4)"3 substituted TGS crystals have the
best pyroelectzic propezties at the most desizable operating
temperature (~25°C).

The Curie coastant ~4x103/¢C of ATG(SP) aad ATG(SAs) was
caloulated frzom the 1/K vs T plots ia the parselectric region to
dezrive the Curie—~Veiss law. The zatio of the slopes of the curves
1/K vs T (fig. 4) in the ferroelectric and parselectric regioms was
typically between 2-3 indicating the dominaantly secoad order
transition.

It is zather interestiag to mote that at room temperature the
spontanecus polarization ia the case of ATG(SP) and ATG(SAs) has
incresased by s faotor of slmost two compared to that of TGS but
there is essentially no chamge in the dielectric coamstaat,
tzansition temperature or the orystal structure. Agoozrding to the
thezmodynamical model of Devonshire, the ferroelectric dehavior of
TGS can be dessribed by the free energy expression

KT) =F (1) + p('r-'r,)pz +y/4P4 +8/6 P‘_ + higher order tesms (1)

where §, 7, 8 are related to the dielectric stiffness amd higher
ozder stiffness coefficients. Consideriag the temperature
dependence of the coefficieats B, 7, 8, the following thermodyasaic
telation can be derived

p/ (X~1) -P.Ic. [(41/0)23 + (d&ld‘l‘)!{ + higher ozder terms] (2)

For the case if P, v aad 8 are independent of temperature, the
sxpression simplifies to

p/(X-1) = P /¢ (3

and i3 independeat of the number of higher ozder terms coansidezed in
equation (1).

By including the eight order terms in equation (1), Zerem and
Halperinl2 ghowed a good agreement between the calculated and
sxperimental values of P, ia TGS in the temperatare range from T 50
100E. By comsidering the isothermal dielectric susceptibilityld,
Seymour et al. found 2 much closer sgreement between the p/k and
P,/C up to 20°C below T,.

It appescs that the large increase ia the P, of ATG(SP) and
ATG(SAs) must bde contributed by the large temperature depeandemce of
B, v, 8 and higher order terms ia equation (1). This is also
evident from the p/K va T plots for ATG(SP) and ATG(SAs) (Figs. 2
snd 3). The p/K vs T cuzve deviates to a great exteut from the P‘
vs T behavior suggesting that comtributions from higher ozder tezms

...............
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occur. The puzzliag change of P, and of p/K could then be due to
either the change in the magmitude of f, v, 8 or their large
temperature dependence in these modified TGS structure.

The powder x~ray diffraction studies of the lodinod TGS

compositions indicate no major structural change due to (PO4 )=3 and
(A304) sabstitution but the further verification is nudod in this

matter.

Thus the preseat studies suggest that ATG(SAs) and ATG(SP) are N
most sseful pyroelectric materials and are quite inexpensive to e
produce. Various solid solutions of ATG(SAs)-ATG(SP) and the effect R
of deuterium substitution for hydrogen in these crystals are uader AR
investigation. ST
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Table 1. Pyroelectric Properties of the TGS Family (Optimum Temp.). : !' -
Material 4 ? P T
s pcita? () 105 Clair A
TGS 30 130 3.0 49 1.1 R
DTCS 19 270 ' 62 1.4 e e
TGFB 14=16  210-240 73 1.5 o
DTGFB 11-14  190-240 . 4.3 78 1.7
LTGS 40 400 3.7 49 1.0 BONREE
NTGS 40 560 4.6 49 1.2 e
ATGSP (25°C) 30-32 650 5.0 51 2.0 R
ATGSAs (25°) 32 700 6.0 51 2.1-2.3 e
o __
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TLE GRUWTH AND PROPERTIES OF A NEU ALANINE AND PHOSPHATE jj{;ii
SUBSTITL.TED TRICLYCINE SULPUATE (ATUSP) CRYSTAL

o
C.S. FANG', YAO X1, A.S. BHALLA AND L.E. CROSS

lincerluls Ruseacch Laboratory, Tiwe Pennsylvanla Scace Univer-
sity, Unlversity Park, PA 16802

Abstract A mudified alanine doped eriglycine sulphate (ATGS)
ceystal has been grown with parclal substicutlon of 1280, wich
13004. Groweh ol che ATCSP crystal from a unlpolar ATGS seed
in the tumperature cunge J0-40°C ;lves a unipolar bulk crystal
with lower purmlttivity (v ™~ 30) and higher pyrvelectric
coefllcicnat (6.5°10% ¢/k.m2) chan pure TCS. In the doplng
range used, the higher pycvelectrle cuetficient fu traced to
a slegnificantly larger spontaneous polarizacion Py (VS ue/em
ut toum tempacature). Tangent § Lls below 0.0l over the whole
Feequency cange (eom 100 iz to 100 Rhz.

INTRODUCT 1Ot

Telgiveine sulphate iy u well known ferrvelectric crystal which

{3 widely used fn pyroeleceric applicutions. Lacge crystals of very
guod opclical quallcy can be grown (rom water solution and have been
extensively studied. (n oeder to mudify und improve propertivs for
application a range of 'duplngs’ bave been tried Including deucerium

- subscitution (DTCS), alanine substicuctiva (ATGS) and substcitucfon
‘of Lhe sulphute group with Eluvberyllace (DCCFR)1=7, By wome of
thuse substitutions, thurmal depoling can be reduced and the Curle
tumperituce caisud. .

In the Following experiments, we have exploced the effects of
partial substitucion of sulplwmric acld with phosphuecle acid in the O
srowth systom, Jdemunstrating thut the phosphate {va can be incorpor- P
ated in the structure to form (H2CH2C00H) 3(H2S04) (1-x) (H3PU4) « "'-‘- ~
abbreviatud ATUSP, O

[ ] [ ] . L]

. (.'n-gurhm ftoude radil 8*6(0.264\). SePB(0.430), nc*-’(o.sm and
PI(0.314), (L Is pechaps not sucpeising thut low levels of HyPOy
can be Incorporated without asteuctural change. e suepeising !
Is the cather major el fect of guch low level substitulivn upon the '! B
bulk polariziation and pyroclectrfc covt Flcients,

THpcemanunt Addruss:  Shandong Undverstty, Jinan, China.
HPgrmannnt Aadruss:  Slan Jlacteag Univaesley, Slaa, Chloa.

[669]1/9
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EXPERIMENT
Single Crvstal Crowth

Triglycine sulplute is usually formed by the chiemical ceaction

'.mllzCll Coull + 82806‘ (Nllztillz(:(lﬂll).’l‘lzsu‘,.

2
n the case of phogphorle acld substitutlvn, the reaction (s

3 NII2CI12€00ﬂ + (L-x)uzso,‘ + xlljl’()l.

- (NIlZCHZCOOH) 3 (l=x) HZSOAXII 3P06

Fur the alanine substitution a swmiall amount of Lhe Levo alanlve

fs substituted for glvcine tu prepare the ATCSE composition. The
saturated polnt of svlution L contruelled at 42°C and the pil value
Is in range of 2.3-2.5.

A need crystal of single domaln ATGS Is used to lnlciage
growth which prucecds by slow covling Ln rhe temperatuce range
from 42-33°C. Couling rate and growth condltions are quite simitar
to those used In pure TCSL.2,

At bigh HgPug/lgst, eation, the prowth slows markedlv, bat tor
catlos up te unlty laege optlcatly clear crvntaly are ridily
obtalned. Reproducibllity Is excellent and a typleal crvseal §s
shown In Fligure t(a). (6 will be neted thae the shape s diftoceent
- from chat of anormal TCS, the (010) fae In vory well developed and
so vutting normal to the fercoelectric b axis can be wconomizally
accompliished, Filgure 1(b). .

Atomle absorptlom anafvsis
shows that the Hyi'y, locorporated .
Into the cevstal Is much betow R

L madta]

the mele Fraction tn the solation,
but even at these low levels
there are stantficant cluingex Ly
laceive parameters Crom paee TGS,
Tabloe | summar fzes data Vrom
three comeentrat jons,  1r ecan bhe
seen that the lattlee pacomter =
! . e eoand menee b inte o le E Ton roaste AN
(a) wlith phosplicrons content while ' '
the b ospaeing decrcases, A0 hileh
prhessphisrans coneentrat fon, the
st ractnrs clumees from monec Hinde
Comd ad terrogleetrie heboejore
is lust.

Figure L. The pgrewth shape of
ANTGSP cryatal.
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Table 1. The lattlce pocameters of ATGSE with Jittecent P

cuntunt.
Sasoles lu,ro‘ in salutiani? ia ;nual‘ Lattica parameters (29
TGS 9 9 299,319, d012.83, :+5.732, $4110.36°°
b 1/8 0.02 9.396, 0012.62, €3.723, 3sile.8’
aee 2l 12 9.1s 459,436, 9012.93, ¢*5.713, $e11a. > |
1l 0.1 009,847, 0012.8, *3.748, $e113.a° |

* from ASTM card.

Diclecteic and Pycoelectric Propertios

Larallel pluce samples of ATCSP lor Jiclectric studles were
cut with majoe surfacus auemul o the Ferroelectric b axis and
polished tuv thicknesses in the range of 0.5 to 1 mm. Sputteced
pold electrodes 5 am (n dlametur wece applicd using special care
to protect the sample Feom overhealing ducing sputtecing.

The diclectric properties wece measured by a computerized auto-
mat lc measucing system with lewlett Packard’'s aew generatlon of
miccopeocessur based equipment. The tumperacure dependence of
diclectric constant and luss tangunt were measuced wich a mulci=
frequency LCR meter, NP 427374 and HP 4275\ with basic accuracy of
0.1%. The mmpecratures dependence of the prraslectrle coefricient and
spoutancons polarization were measuced with the P $1408 plecuampece
meter. A LP 98250 deskiop computer wis used (ue va=line concrul of
automstle measucuacut through o HP 69048 mulCl-programmee Interfice.
Speclial solcwinres were developed toe antomiatic measurceent. Linear
tempecature change with specliied rates was cuasily achlieved. The
reproducibility ol seasurements was excel leat,

The diclectric and pyroelectric behavive of ATGSP with low
phugpuorous content (sample l)show no significanc improvesent on
TES; while the crystal with high phosphurus content (saaple 3)
exbiibits very low fercoclecteleity, hence valy a ury low pvroeleceric
cuellicleot jo achiewd. wnly the vrystal  with appropelate phosphocus
content (sample 1) exhibiw excellene divleveric and pyroeleceric
vroperties.  ost ol vare meaducement s e doae on this ceyscal.

Figuce 2 in Lhe tumperature dependence af dicleetreic coastane
K22 ad Toss Lamgeat of the ACSE crvstad Thee Coric Lemperature of
ATGSE i 317°C, Because o Lhe chemival bias eftect ol the alavine
group, ao sl icant Jdepolarization can be vbserved.  The divlec-
tric congtant at coom Lemperature s about 3O, which (s lowee than
thae of well polacized (CS crystals,  r‘he frequency dependence of
diclectric constant at rovm temperature in the wide frequency cange

-_.._._.i
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Figure 2. The temperature dependence of dliclectris constant
l:.,z (a) and loss tangent (b) of ATCSP crystal.

l_wS in m-gl.lulblo. The loss tam.cnt of gha ATCSP crystal ac
room tumperacure is lower than 1- 10”2 (n the same l’rcqumu.v rang’e,
whicih 18 comparable with the buse TUS crystals.

of 10

The pycoelectric rosponse o he ATCScrvuatal Is (mproved sipni-
tlcantly by the pactlal substitutlon of phoxphate for sultate
wroup (n TE8.  Figure 3 and Flpure 4 are the temperature dependanee
ol spontaneous polacization and pyroclecteie coeft lefeut of ATCSP
vreystal. bLecuuse of the chemical blas effevt, the ATGSP? cevatal s
rermanently poled below the Curic temparature. Therefure, wo pre~
poling ls needed. At rous thnr.lture. the spmu.memm pelacizacion
of ATGSP is about 5:10=2 C/m?, which I higier than 2.8.10-2 C/m2
of TGS, The pyrveleceric “coefficlent of ATUSP at coom tremperature
s about 6=7.10"% C/K-t2, which (s more thin tuice that of TGS's
(2=3.5°10=8 C/k-t2).

o - 0.003 . r r ]
4 cos -:
§ 00 < o002 {
go.oa § : )
€ coz o 900 -
[ 3
g aar &
e L e 0000 m— .
%% ° 0 = © oy} ] - =) %0
TEMP (0L8 C) . TEMP(DES C)

Flgure 3. 7The tumperature dopend=  Figure 4. Thee temperataee
ence of sponinnesn duependeuce of pro-
polacizat lon of ATCSP vloctele coctt e lent
crystal. ol NTGSe,
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In view of the rather tow accual facorporacion of cthe phosphate
group [ the TGS structuce, Lhe very major change lu Py and pycu-
elecpeic voetVtclent ts quite sucpeising. tost modificatlons to TGS
result In a large value cdhewavatallographle b parameter, and a luwer-
Ing of Pg. 1t mity be uotud, however, that in the {lucherylute TGFB
whilch has buth highee T, and larger Py than TGS, agaln the b param=
eler s smaller.

- With such sigatficant improvemcnt in pycoelectric parametuers, an
vbvious next step I8 tu explure deutecation of the ATGSP and cthils
worl, 18 aow fn progress.

A comparison of ATGSP and TGS crystalk Ls given fu Table 2.

Table 2. Dlelecteiv and pyroclectriv propecties of duped TO8
vrystals at coom Lemperature.
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QUANTUM - FERROELECTRIC PRESSURE SENSOR

C.F. CLARK AND W.N. LAWILESS
CeramPhysics, Inc., Westerville, Ohio 43081

S.L. SWARTZ
Materials Research Laboratory, Pennsylvania State University,
State College, Pennsylvania 16802

Abstract Quantum ferroeleccrics are characterized by a tem-
perature-independent dielectric constant at low temperatures
(5¢/0T=0), yet in this temperature range the Clausius-Mossocti
relation requires that the dielectric constant have a non-zero
pressure dependence (J¢/0p$0). Consequently, a quantum ferro-
electric can be used as a cryogenic pressure sensor which is
independent of temperature and intense magnetic fields and
would be useful as a solid-state device for sensing over-
pressures in supercouducting magnets., Research in the ceramic
system (Cdi-xPbx)2 (Nbx-yle)z 07 has revealed a compositional
range where quantum effects dominate below 15K (i.e., d£/3T=0).
A sensor made from these ceramics will have c"-p up to 30
kbar, and such sensors can be made in the form of small (e.g.,
2x2x5 mm) multilayer capacitors. Such devices are anticipated
to have pressure sensitivities AC/Ap 3 450 pF/kbar at 4.2K.

The purpose of this paper is to present the results of work being
done to develop a solid-state, ceramic pressure sensor useful at
liquid helium temperatures and at pressures up to at least 30
kbars.(!) The devices would be made from a quantum ferroelectric
cuompound and would have almost no temperature dependence over the
2-10 K range. This paper is divided into three parts: (1) The
background of che concept; (2) Experimental results; and (3) A
device model based on these results.

A quantum ferroelectric is distinguished from a "classical"
ferroelectric in that quantum fluctuations (i.e., zero-point mo-
tion) supprass the transition to a polarized state. The result is

a plateau in the dielectric constant over some finite temperature

(583])/257
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range as T+0. Recent studies have concentrated on crystals of
KTa03 and SrTi0y and associated solid solutions which exhibit this
quantum ferroelectric behavior.(2=%) The transition temperature in
these systems can be changed by substitution of small amounts of
differeut ions in the compound, e.g. Nb for Ta in KTaOjs.

The pressure dependence of the dielectric constant is un-
changed and may be related to the compressibility of the material
through the Clausfus-Mossotti formula as given by Bosman and
Havingl.(‘)

Dy = W/ (-1 (D8 GrgD (1y

where B is the compressibility and n is the polarizability of a
small macroscopic sphere of volume V., For g>>1

G, = ne’ (2)
where M=1/33 (g—::%-l). Equation (2) is equivalent to:

a(t/e :
ALy .- w (3

and Equation (3) has been verified experimentally for KTaOy by
Abel.(?)

Neither the KTa03; system nor the ScT10; system would be sufit-
able for pressure sensors. Ceramics in the KTa0, system have un-
controllable losses of X;0 during formation and single crystals are
expensive. SrTi103 ceramics have two disadvantages: (1) The re-
fractory ceraming temperatures (+1500°C) lead to we!l-documented
irreproducibilities and loss of dopant/substitutional ions; and,
< 4K

more seriovusly, (2) The quantum regime appears limited to
with lictle hope of raising this boundary.
The recent work on the KTa0y svstem showed that a ferroelec-

tric transition could be induced in a known quantum ferroelectric

Lt ‘
ot
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by substituting Nb ions on the Ta site. By analogy it might be
possible to make substitutfons into a known ferroelectric and
induce quantum ferroelectric behavior. The dielectric constant of
CdzNb,0, pyrochlore system with Pb subgtitutions on the A site and
Ta substitutions on the B site has been investigated by Jona, et
ll.(') They found a suppression of Tc from 185 K to 50 K when the
Pb or Ta substitutions were varied from 0 to 20 mole Z. Our work
has investigated this system by making both Pb substitutions on
the A site and Ta substitutions on the B site. The system has the
general formula (Cd;-bex)z(Nb,.yTay)101.

110 00...
- .1).
s e
" [ ]
c ®
o °
O 100 .
| 2 .
: - ®
(Y
L
® ®
a SDCD ’ ®
YR NS N W DAY YO T N | L1 o2 a1 0,
o S0 100 150
T (K)
FIGURE 1 Dielectric coastant versus temperature for

(Cd,aoPb 20)2 (Nb, 20Ta, a0)2 07.

Our work bas been successful in wmoving the system into the
quangum regime, Figure | shows the Jielectric coustant as a func-

tion of temperature for a typical compound in the quantum regime,

b e
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_ x=0.20, y=0.80, Figure 2 shows data for a smaller temperature
range of the best compound found so far, x=0.60, y=0,50.

+* p-
c
8 199.60f-mecose® e, _
0 o
c - i .
O b
O 199.50 |
) T
v i e
£ 19940 .
8 - ?‘T;‘f
0199301 4 1 T A B
= 5 10 15

: TUK)

FIGURE 2 Dielectric coanstant versus temperature for
(Cd,woPb 60)2(Nb_goTa, sg)207.

In general, making efither Pb or Ta substitutions lowers the NS
transition temperature until a limit of about 7-8 K is reached.

All the compounds have shown a slight peak even when Te is low

(cf. Fig. 2), but the peak never is below 7-8 K even when the com- :}fi.;
pound is clearly in the quantum regime, This behavior also holds -
for single-crystal, quantum ferrcoelectric, KTa0y which has a
slight peak around 3 K.("  For the Cdaib,07 system the max{imum
dielectric coastant (i.e., at T¢) is lowered as x and y increase,
but e remains high enough (200 for x=0,060, y=0,50) for a pressure
sensor to have a larpe pressure sensitivity (cf. Fy. 2).

The selection criteria for the best material fur a pressure
sensor not ounly take [nto account the (latness over as large a

temperature range as puessible, but also\include keeping the diel-

ectric constant as large as possible and keeping the Ta content as

PRI PP A S A S TP Wy Wy Sy N S
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low as possible. The dielectric constant should be high in order

to maximize che pressure sensitivity (cf. Eq. 2), and keeping the

Ta concentration low keeps the cerumic sintering temperature low.

Of the combinations analyzed, the compound with x=0.60, y=0,50 was
the best choice given the above criteria.

Wich cthe measurements on this material as shown in Fig., 2, it
is pogsible to describe the characteristics of a real device. For
a 2x2x5 mm device size it would be possible to manufacture a
multilayer device of 66 layers, each with a dielectric thickness
of .002921 cm and an overlap area of electrodes of .0570 cm. The
capacitance of the device at 4.2 K would be 22.77 nF.

The pressure sensitivity depends on the value of M in Eq. 2.
This parameter has vet tu be determined for our system. However,
it has been determined for other ferroelectrics over a range of
temperatures(7) and for Cd;Nbs07 at room tempcraturc.(‘) M does
not vary greatly and a reasonable assumption would be M=-10-"
(kbar)=! for our material. Then for our model device at 4.2 K

(3C/%p)q = 450 pF/kbar

On a six place General Radio capacitance bridge the smallest de~
tectable capacitance change would be 0.1 pF or, equivalently, 0.22
bars. If the temperature is between 4 and 9 K, but otherwise un-
known, then the uncertainty in capacitance would be 2.8 pF due to
the slight temperature variation of € in this temperature range,
and the corresponding uncertainty in pressure would be 6.2 bars.
Around 4 K the temperature sensitivity of the capacitance is 0.7
pF/K. A typlcal temperature uncertainty for a system at liquid
hetl fum temperatures might be ,050 K, This uncertainty would be
cquivalent to a pressure uncertalnty of .077 bars, i.e., less than
the maximum readable sensitivity of a six-place bridge.

There are a number of tests to be run before a practical de-

vice is available. Actual multilayer devices are presently being
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fabricated and these will need to he tested for stability within ..'
Lo 4
a single cool-down and for reproducibility from cool-down to cool- -
down, The magnetic field dependence will be dJdetermined at the :-f: '-f:
National Magnet Laboratory at MIT and measuremcnts of the constant
- M In Eq. 2 will be made at Sandia Natlonal Laboratories. —
@
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25. (U) Degradation rates of BaTiO3-pased ceramic dielectrics have been

measured at stresses of 4 Kv/ca at 100°C and 1 KEv/cm at 200°C as a funcotion of

composition and microstructure. The results are consistent with previous “ :, o
suggestions that degradation is caused primarily by the migration of oxygen
vacancies. BaO-rich and highly donor-doped samples both show particular
resistance to degradation, with excess BaO having a capability for ﬁ
) counteracting the usual deleterious defects of scceptor impurities. These two 1
. compositional types sre related through the mode of compensation for donosr . .]1
impurities, and similarities in their microstructure have been observed. ;:—:
Grain size variations from 1-10 microns had no effect om the degradatiom rate . :.}
of uadoped BaTiO3 with Ba/Ti = 1,000, Ca-doped BaTiO3 has been studied due to
reports of a commercial dielectric capable of being cofired with nickel :Q:

slectrodes and which showed excellent stability. It has been showa that Ca

acts as an scceptor—dopant when Ba+Ca/Ti greater tham 1, i.e. when there is an
excess of slkaline earth catioms, apparently by partial occupstion of Ti-sites -.
in the structure. This has been confirmed by comparison of the intensities of
sharacteristic x-rays as a function of slectrom beam orientation in individual S

grains (a techanique known as ALCHEMI). These Ca-doped materials showed very '.' -

poor degradation resistance, however. :I:‘.'Tj:ZE

. TR Degradation Mechanisms in Ceramic Dielectrics, D.M. Smyth and M.P. Harmer, _Z:.g
August 1, 1983 R
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Responsible DOD Organization: Office of Naval Research
Depaztaent of the Navy
Arlington, VA 22217

Contract No.: N00014-82-K-0313

Performing Organization: Rutgers University
College of Engineering
P.0. Box 909

Piscatawsy, NJ 08859

Principle Investigator: Dr. ¥W. Roger Cannon

25. (U) A series of screening tests on approximately seventy dispersants led
to only three which showed excellent dispersion effectiveness. These were
Eaphos 21-A, s phosphate ester (Whitco Chemical Co.) Nemhadea fish oil
(Kellog), a fatty acid and zonyl A (DuPont) an ethoxylate. Further studies on
the phosphate ester indicated that 0.9% addition was optimum and that settliag
factors as high as 70% could be schieved. It was proposed that the excellent
dispersion effectiveness of the phosphate ester was related to the ioanization
of the ester which imparted a larger positive ocharge to the surface and helped
anchor the long chained molecules to the surface as vol_l as helped achieve
double layer repulsion.

TR Defloocculants for Tape Casting Barium Titanate Dielectrios, W. Roger
Cannon, July, 1983, -
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Responsible DOD Organization: Office of Naval Research
Departmeat of the Navy
Arlingtos, VA 22217

Coatract No.: N00014-82-K-0312

Performing Organization: Rutgers University
College of Engimeering
P.0. Box 909

Piscataway, NJ 08859

Principle Investigator: Dr. John B. Blum

2S. (U) The dispersion of a slurry by ultrasonic agitation was compared to
that of ball milling. It was found that the ultrasonically dispersed slurry
settled slower and to s demser compact. Further is has s lower viscosity and
was less agglomerated. MNixtures of two different particle-size distribution
BaTiO3 povders were made. The mixtures were imcorporated into a tape casting
slurry and the sluxrry viscosity, green tape doisity and green tape streagth
were evaluated. Broadening the particle—~size distribution of a fine, narrovly
distridbuted powder resulted in lower slurry viscosities sand higher green tape
densities. The brosdened distribution also resulted in a green tape witha
lower tensile yield stress and greater deformation before failure. A deep
level spectroscopy (DLTS) system bhas been designed and assembled. Calibration
fo the components of the systes and proli-lufy.

TR Improved Particle Size Distribution for Tape Casting BaTiO3 and & DLTS
Study of Grain Boundaries in BaTiO4, by Joha B. Blum, June, 1983,
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Responsible DOD Organization: Office of Naval Research
Departaent of the Navy
Arlington, VA 22217

Contract No.: NO0O014-82-K-0336

Performing Organization: University of Missouri-Rolla
222 Fulton Hall
Rolla, MO 65401

Principle Investigator: Dr. Harlan V. Anderson

25. (U) A computer imterfaced current-voltage system was developed. The
system allows for the simultancous measuremeant of ourrent-voltage
characteristics on ninety differeat spescimens under tem differeamt conditions.
An apparatus to measure thermally stimulated currents for capacitor dielectzio
materials was also developed. Initial measurements of thermally stimulated
currents on a variety of dielectric compositions (X7R, Z5U, NPO) were carried
out. The interpretation of the measurements remains to de done.

T.R., B. Anderson, ‘Current Status of Dielectric Studies,’ Asgust, 1983




Responsible DOD Organixzation: Office of Naval Research
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Department of Coramic Engineering
Urbana, IL 61801

Principle Investigator: Dr. R.C. Buchanan

23. (U) The objective of tbis work is to investigate the feasibility of
fabricating dense, optically transpareat ceramic compounds by liquid phase
sintering. '

24. (U) Several compounds have been identified in other research programs as
having potential for optical (IR) window applications. Among these are Zr02-
3A1505, 28i0; snd complex germanates. Fabrication paths using reactive liquid
phase sintering of these refractory ceramic compounds will be explored. This
would emtail selection and/or development of suitable liquid phase asdditives
for the differeat compounds and optimiszation of process variables to achieve
mazimum demsification. Siatering kinetics, process characterization,

microstructure and properties are also a focus of this study.
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Respoasible DOD Organization: Office of Naval Research
Department of the Navy
Arlington, VA 22217

Contract No.: NO0014-83-X-0168

Pexformiag Organization: Virginis Polytechnic Institute and
State University
Blacksburg, VA 24061

Principle Investigator: Professor L. Burton

25. (U) The voltage and temperature dependence of leakage currents were
measured on nev and degraded X7R and Z5U dielectric materials. Ohmic,
Schottky and space change limited currents were observed. Above 1 volt space
charge limited currents were the dominant type of current for degraded
msterials. Activation energies were typically 1 ¢V for pristine materials and
zero for degraded msterials. The electrical measurements data were modelled
in terms of grain boundary or trap activation energies. New and degraded

capacitors were cross sectiomed (both by fracture and polishing) and

ey

ocharacterized by SEM/EDAX methods. No lead pesetrationm into the cersmic dody
was observed.

L.R. ‘Conductivity in Dielectrics,’ L. Burton, September, 1983.




Responsible DOD Organizatioa: Office of Naval Research
Department of the Navy
Arlingtoa, VA 22217
Pesforming Organization: Purdue University
Vest Lafayette, IN 4790
Principle Investigator: Professor R. Vest

23. (U) Missile guidance systems require one hundred perceant reliable
operation of their electromic components. The objective of this sesearch is
to explore nevw methods for fabricatiang high quality multilayer ceramic
dielectrics.

24. (U) The approach will involve the exploration of metallo-~organic
precursors as a means of engineering the molecular and microstructural
characteristics of the dielectric material. Research on organic precursors
and solvents vill be carried out. The effects of thox-;l treatments on the
resultant chemistry, microstructure, and structure will be defined. The
required ink chemistry and processing condition to produce high quality,

sniform, continuous films will be determined.




Responsible DOD Organization: Office of Naval Research
Department of the Navy
Arlington, VA 22217

I ’ Contzact No.: N00014-83-C-0141

Lo Performing Organization: Honoywell

) Ceramics Center

K 5121 Vinnetks Avenue North
l \ New Hope, NN 55428
Principle Investigator: Dr. Barry Koepke

, 25. (U) All samples for the first phase of the work have been received. These
ﬂ included approzimately 300 special BaTiO3 multilayer ceramic plates which will
be used for determining the effects of chemical and electrical eavironments on

slov crack growth as a function of orieantstion. Remnants of these specimens

after test will be used for stress reaction measurements. In addition, 200

v BaTiO3 multilayer capacitors were received which will be used for static
fatigue measurements. The testing oquipment has been fabricated, installed

i » and calibrated. Full scale testing will be started as soon as a nevw strip

chart recorder has beea received.

TR Progress Report on Multilayer Cracking by Kelly D. McHeary, August 15,
1983.
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